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This thesis shows how ray tracing can serve as an accurate irradiance mod-elling 
technique for bifacial PV modules. The electrical behaviour of bifacial modules is 
also modelled through investigation and development of two electri-cal models. 
Bifacial PV modules can increase the power output per unit area when compared 
to monofacial PV modules. This is made possible by exposing the PV cells of a 
bifacial module to the incident irradiance on the front and the rear side. This 
potential increase in power output allows bifacial PV to be an important role player 
in the growth of PV technology in the renewable energy market. In order to 
advance bifacial PV as the primary technology in the solar market, it is necessary to 
accurately model and simulate bifacial mod-ules. Existing bifacial PV simulation 
software mostly implements view factors which proves to be ineective in 
accurately modelling the rear side irradiance of modules. There are some 
uncertainties regarding the electrical performance of bifacial PV, which can be 
signicantly reduced once an accurate model is established for the technology.
An irradiance model is developed by implementing ray tracing to model the 
front and rear side irradiance of bifacial modules. The irradiance model is veried 
by comparing modelled irradiance with irradiance measurements from an 
experimental bifacial PV installation. Two one-diode electrical models are 
implemented for bifacial modules. The two models are veried by comparing 
modelled power with measured power of a single bifacial module in a bifacial 
installation. The bifacial PV simulation software is developed by integrating the 




After verication, the simulation software is used to simulate the eects of tilt
angles, tracking, module height, albedo and row spacing on energy performance
and bifacial gain of bifacial modules. A comparison is also done with existing
commercial simulation software in order to determine the dierence in accuracy
between view factor and ray tracing models.
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Uittreksel
Modellering en simulasie van tweesydige PV modules 
met implementasie van die ray tracing tegniek.
(Modelling and simulation of bifacial PV modules by implementing the ray tracing 
technique.)
J.A. Louw
Departement Elektriese en Elektroniese Ingenieurswese,
Universiteit van Stellenbosch,
Privaatsak X1, Matieland 7602, Suid Afrika.
Tesis: MIng (E & E)
Maart 2020
Hierdie tesis toon hoe 'ray tracing' kan dien as 'n akkurate bestralings model-lering 
tegniek vir tweesydige PV modules. Die elektriese gedrag van tweesy-dige modules 
word ook gemodelleer deur ondersoek en ontwikkeling van twee elektriese 
modelle. Tweesydige PV modules kan die krag uittree per eenheid area vermeerder 
in vergelyking met eensydige PV modules. Dit word moont-lik gemaak deur die 
PV selle van 'n tweesydige module bloot te stel aan die inkomende bestraling van 
byde die voor en agter kant. Hierdie potensiële ver-meerdering in krag uittree 
veroorsaak dat tweesydige PV modules 'n belangrike rol speel in die groei van PV 
tegnologie in die hernubare energie mark. Om sodoende tweesydige PV te vestig as 
die primêre tegnologie in die son ener-gie mark, word akkurate simulasie en 
modellering van tweesydige PV modules benodig. Bestaande tweesydige PV 
simulasie sagteware implementeer meestal 'view factors' wat bewys dat dit 
oneektief is in die akkurate modellering van die agterkant se bestraling. Daar is 
ook 'n reeks onsekerhede rakende die elek-triese gedrag van tweesydige PV 
modules, wat aansienlik verminder kan word sodra 'n akkurate model gevestig 
word.
'n Bestralings model word ontwikkel deur gebruik te maak van 'ray tracing' om 
die voorste en agterste bestraling van tweesydige PV modules te modelleer. The 
bestralings model word geverieer deur die gemodelleerde bestraling te vergelyk 
met bestraling soos gemeet op 'n tweesydige PV installasie. Twee een-diode 
elektriese modelle word geimplementeer vir tweesydige PV modules. Die twee 




met gemete krag uittree van 'n enkele tweesydige PV module in 'n tweesydige
PV installasie. Die tweesydige PV simulasie sagteware word ontwikkel deur die
integrasie van die bestralings en elektriese modelle met behulp van die python
ontwikkelings taal. Na veriëring, word die simulasie sagteware gebruik om die
eekte te simuleer van kantel hoeke, opsporing, module hoogte, albedo en ry
spasiëring op energie opwekking en tweesydige aanwins. 'n Vergelyking word
ook getref met bestaande kommersiële simulasie sagteware om sodoende die
verskil in akkuraatheid tussen 'view factor' en 'ray tracing' modelle vas te stel.
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As an emerging market, South Africa is highly dependent on the development
of it's energy sector in order to grow the economy in a highly competitive
global environment [1]. South Africa's primary energy producer is ESKOM
which heavily relies on coal powered generation to supply the ever growing
electricity demands of the country. In 2015, coal generation made up 59%
of South Africa's energy supply with crude oil, gas, nuclear and renewables
making up the rest of the market [1]. Coal reserves are subject to depletion
and greatly contributes to greenhouse gas emissions, which makes renewable
energy an attractive solution for South Africa's future in energy production.
In South Africa, the Renewable Energy Independent Power Producer Pro-
curement Programme (REIPPPP) was established in 2003 which allowed for
independent power producers (IPPs) to produce 30% of the energy supply [1].
In 2018, a target of 14725 MW was set to be produced by renewable energy
sources by 2030, which consisted of solar PV, concentrated solar power (CSP),
hydro, wind and gas [1]. The amount of 6225 MW was allocated to solar PV
which is 42% of the total target [1]. As Figure 1.1 shows, solar PV contributed
1.9% to the global renewable energy market, which shows that there is large
room for solar PV's future growth [2].
Conventionally, solar PV electricity generation was realised by monofacial
PV modules. Monofacial modules produce electricity by converting the in-
cident radiation on the front side of a module into electricity by harnessing
the photovoltaic eect. By removing the opaque rear electrode and replac-
ing it with a transparent glass sheet, it is possible to expose PV cells to rear
side irradiance. This leads to the existence of bifacial PV modules which can
potentially increase the power output for the same per unit cell area due to
additional rear side irradiance.
1
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Figure 1.1: Estimated renewable energy contribution in global energy market.
[2]
1.1 Bifacial PV
A key role player in solar PV's market expansion is bifacial PV. Historically,
bifacial PV costs were signicantly greater than that of monofacial PV. Due
to numerous advances in the manufacturing process of bifacial modules, the
signicant dierence in price between the two technologies have decreased [3].
This allowed bifacial technology to enter the solar PV market and oer a
number of properties from which investors can benet. By the end of 2017,
bifacial PV only contributed 5% to the solar PV market, but this contribution
is expected to grow to 40% by 2028 [4]. The main concern for the solar industry
is to lower the Levelised Cost of Energy (LCOE) of PV technology as a whole.
Bifacial PV can have a great impact on the LCOE of PV plants as it oers
the following benets:
 Up to 30% increase in power output [5].
 Increased power generation for the same area of land. (Increased power
density)
 The same amount of PV plant equipment and construction is needed for
an increased energy yield.
In a 2017 Saudi Arabia solar bid, the lowest bid came in at 1.79 US
cents/kWh [4]. Although this tender was disqualied, it included bifacial tech-
nology which leads to positive and negative conclusions. A positive sign of
this occurrence is that bifacial PV is at the forefront of lowering the LCOE
of large scale PV plants. The negative part shows that solar PV investors are
not yet convinced that bifacial technology is the way forward. This is mainly
due to a lack of knowledge in some key areas where there is a shortage of eld
data and experimental evidence to back the technology [6]. To understand
these pitfalls, it is important to look into the operation of bifacial PV cells and
modules.
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1.1.1 The operation of bifacial PV cells
A bifacial PV cell's operation is based on the same principles as for a monofacial
PV cell: the combination of a p-n junction and the photovolatic eect. A p-n
junction is formed by joining positively doped (p-type) and negatively doped
(n-type) semiconductor materials (Si) as shown in Figure 1.2. The p-type
material is characterized by having an excess of holes (positive charge) and
the contrary being true for the n-type material having an excess of electrons
(negative charge) [7].
Figure 1.2: P-N junction formation. [7]
The joining of the p- and n-type material causes a ow of electrons and
holes between the two materials. The remaining exposed charges causes an
electric eld (Ê) to form between to the p- and n-type material known as
the depletion region [7]. Once a voltage with a magnitude large enough to
overcome Ê is applied over the junction, electrons and holes will able to ow
freely and produce current. In the case of PV cells, the incident solar energy
(photon energy) is applied onto the p-n junction to overcome Ê, which leads to
current ow and in eect an output voltage. This phenomenon is better known
as the photovoltaic eect. Apart from the photovoltaic eect, the design and
assembly of PV modules are just as important in it being a reliable source of
electricity.
A monofacial PV module is formed by combining a number of individual
PV cells. In high power output modules, 60 or 72 cells will most commonly
be combined to deliver outputs ranging from 150-350 W. Two critical parts of
any PV cells are the front and the back electrodes with both being oppositely
charged. The front electrode is connected to the n-type material and therefore
negatively charged. The back electrode is connected to the p-type material
and is positively charged. Hence, current will be able to ow from the back
electrode (positive) to the front electrode (negative) through whatever load is
connected to the output terminals. As shown in Figure 1.3, the back electrode
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 1. INTRODUCTION 4
is realised by an opaque conductor that covers the entire rear side of the cell.
This is where bifacial cells are dierent in design.
Figure 1.3: Monofacial PV cell.
A bifacial cell's ability to produce electricity is also based on the photovoltaic
eect, as described for monofacial cells. The operation of bifacial PV cells
are described in it's name. The prex, 'bi-', is related to the fact that both
the front and rear side's irradiance contribute to the total power output of a
module. The additional active contribution is achieved by exposing the PV
cell to irradiance incident on the rear side. This is made possible by replacing
the opaque back electrode with grid-like contacts that are similar to the front
electrode as shown in Figure 1.4 [3]. The removal of the opaque back electrode
allows radiation to enter and penetrate the PV cell from the front as well as
the rear. The increased radiation penetration leads to an increased ow of
holes and electrons between the p- and n-type layers which increases current
ow and power output. The gain in power output can vary between 5-30%
and is mainly dependent on the additional rear side irradiance [5].
1.1.2 Simulation and modelling of bifacial PV
It is given that the rear side irradiance is dependent on a number of inuential
factors such as ground surface albedo, module elevation above the ground,
spacing between adjacent rows and tilt angles [8]. In order to fully evaluate and
predict the performance of bifacial PV modules, it is necessary to accurately
model the complex rear side irradiance distribution. Some attempts have been
made to model the rear side irradiance by means of implementing view factors,
but there is evidence that this method underestimates when compared to other
modelling techniques such as ray tracing [9, 10]. Ray tracing proves to be a
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Figure 1.4: Bifacial PV cell.
technique that can model the eects of light and radiation accurately [11].
Although ray tracing is already implemented in PV simulation applications for
modelling eects on a microscopic level [12], it may be of interest to implement
ray tracing to model irradiance on cell and module level, and more specically
the rear side of bifacial modules [13].
For simulating the electrical behaviour of bifacial modules, the most common
implementation is the Rsh−Rs one-diode model [3]. Literature shows that this
model and the parametrisation method as proposed by [14] delivers satisfying
results. However, there is little to no research that shows the eectiveness of
alternative methods for the electrical modelling of bifacial modules. The char-
acterisation of bifacial modules have recently been standardised, which leaves
the opportunity to investigate a parametrisation method that only requires
input values as obtained by the standardised characterisation.
The overall simulation of bifacial PV can greatly help PV designers and
investors to understand the technology better. Currently there are only two
commercial software tools available that can simulate bifacial PV modules
[3]. These tools are not yet able to simulate bifacial technology to a full
extent as they are still in development and somewhat unsure if the modelling
techniques are the most accurate. There are several ongoing research projects,
[9, 13, 15, 16], that aim to nd the most eective methods for simulating the
distribution of irradiance on bifacial modules in order for PV developers to
gain a better understanding of bifacial technology. There is also little research
that compares the accuracy of existing simulation tools such as PVSyst, with
alternative modelling methods and real world data.
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1.2 Problem statement
It is clear that there is room for the solar PV market to grow within the global
renewable energy market. Bifacial PV is expected to greatly contribute to this
projected growth by oering more energy production per unit area. There are
numerous uncertainties surrounding bifacial PV with regards to design optimi-
sation, energy production and expected energy gain when compared to mono-
facial PV. Accurate simulation and modelling of bifacial PV can help clarify
many of these uncertainties, but there is currently a shortage in PV modelling
software that can accurately model the complexities of rear side irradiance and
the electrical behaviour of bifacial PV. Existing software implements modelling
techniques that fall short of delivering accurate and trustworthy results.
1.3 Objectives and goals
The goal for this thesis is to investigate and develop modelling software that
can accurately simulate the performance and behaviour of bifacial PV modules.
In order to accomplish this goal, there are two key areas that will undergo in-
vestigation and development namely, irradiance modelling and electrical mod-
elling of bifacial modules.
1.3.1 Irradiance modelling objectives
The key focus of irradiance modelling for bifacial PV is the rear side irradiance
distribution. By improving the accuracy of the modelled rear side irradiance,
it will be possible to greatly improve the overall accuracy of bifacial PV sim-
ulation. The following objectives are provided for the irradiance modelling of
bifacial PV:
 Investigate existing irradiance models for monofacial and bifacial PV.
 Determine the key factors that inuence the rear side irradiance of PV
modules.
 Investigate the possibility of implementing the ray tracing technique to
model irradiance for bifacial modules.
 Design and develop a ray tracing irradiance model.
 Verify the accuracy of the developed ray tracing irradiance model by
comparing modelled irradiance with measured irradiance.
 Compare the developed ray tracing model with an existing view factor
model as implemented by commercial simulation software.
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1.3.2 Electrical modelling objectives
In order to study and simulate the performance of bifacial modules on an
energy level, it is necessary to set the following objectives with regards to the
electrical modelling of bifacial PV:
 Investigate the characterisation standards for bifacial modules.
 Investigate the existing electrical models and parametrisation methods
for bifacial PV and how they correspond with existing characterisation
standards.
 Develop an electrical model and parametrisation approach for bifacial
PV which takes the datasheet characteristics as input.
 Verify the developed electrical model with measured power output.
1.3.3 Project goal
The nal objective will be critical in achieving the goal of accurately simulating
bifacial PV modules:
 Integrate the developed ray tracing irradiance model with the electrical
model in order to simulate the eects of various design parameters on
the performance of bifacial modules.
The investigation and development of accurate irradiance and electrical
models will aim to simulate and model bifacial modules accurately and solve
some of the uncertainties surrounding bifacial technology.
1.4 Thesis layout
The remainder of the thesis will guide the reader through the process of inves-
tigating and developing the key parts that are needed for accurate simulation
of bifacial PV.
1.4.1 Chapter 2
Chapter 2 gives the reader some background and context with regards to the
importance of rear side irradiance in bifacial PV and conventional irradiance
modelling techniques. The proposed irradiance modelling technique, ray trac-
ing, is also described in order to test it's viability in bifacial simulation tool.
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1.4.2 Chapter 3
In Chapter 3 the electrical behaviour of bifacial PV modules will be investi-
gated in order determine the model that will be implemented in the developed
simulation software. The characterisation standards of bifacial modules are
also researched in order to determine the critical values that characterises the
performance of bifacial modules.
1.4.3 Chapter 4
The methodology of developing the bifacial PV simulation software is given
in Chapter 4. First the development of the irradiance model with ray tracing
is described after which two versions of a one-diode model is described which
will be utilized to model the power output of bifacial modules. The ow and
operation of the integrated simulation software is also given in this chapter.
1.4.4 Chapter 5
In Chapter 5 the developed irradiance and electrical models are veried, rst
separately and then together in their integrated version. Once the models are
veried, a set of simulations are done in order to test the eects of various
design parameters, such as tilt angles, module height, albedo and row spacing.
The analysis of these eects on the energy performance of bifacial modules
then leads to a simulation where the energy production of an optimised bifa-
cial PV system is compared with a non-optimised bifacial PV system. Lastly
the developed simulation software is compared with existing commercial sim-
ulation software named PVsyst, which implements the view factor method for
modelling rear side irradiance.
1.4.5 Chapter 6
Finally in Chapter 6, some important conclusions are drawn with regards to
the development and results that the bifacial PV simulation software delivered.
Some recommendations are also given which relates to the bifacial PV design




For bifacial PV, the rear side irradiance contributes to the power output of
the the module. The rear side contribution is therefore critical in the gained
energy production when compared to monofacial modules. It is equally impor-
tant for PV plant designers to model and simulate the full extent of the rear
side's eects on the expected energy output of a bifacial PV module. Existing
irradiance modelling techniques fall short in some ways when modelling the
irradiance on the rear side of a module.
2.1 The importance of rear side irradiance
The operation of a bifacial PV module is not only dependent on the incident
irradiance on the front side of the module, but it's also dependent on the diuse
and reected irradiance received by the rear side. This additional irradiance
dependency leads to numerous complexities with regards to designing for a
bifacial PV implementation. In the case of bifacial PV modules, extra care
needs to be taken to maximise the irradiation of the rear side and in eect
make the technology more protable.
2.1.1 Factors that inuence Rear Side Irradiance
The rear side irradiance is inuenced by a variety of module design- and en-
vironmental parameters as shown in Figure 2.1. Design parameters include
the azimuth- and tilt angles, module height above the ground and the size or
packing factor of the plant [8]. The geographic location of the plant as well
as the albedo of the surrounding ground cover are categorised as environmen-
tal parameters. PV plant designers have less inuence on the environmental
parameters compared to the design parameters.
By optimizing the combination of environmental- and design parameters
one can potentially maximize the energy yield produced by the plant. There
are many uncertainties regarding the optimal design of a bifacial PV plant,
9
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Figure 2.1: Factors that inuence the rear side irradiance of bifacial PV mod-
ules.
but some design parameters are known to have a large impact on the power
output of a plant. These most inuential parameters include :
1. Mounting height - research done by [8] shows an increase in rear side
irradiance with an increase of mounting height between 0-1m.
2. Albedo - ground surfaces can reect a certain amount of the irradiance
that it recieves. The ratio between the reected irradiance and the total
recieved irradiance is known as the surface albedo. The rear side irradi-
ance can be signicantly increased by enhancing the albedo propeties of
the surrounding ground cover as [8] concludes in their study. Table 2.1
shows various ground types and it's albedo characteristics.
3. Row spacing - the distance between adjacent rows in a PV plant can
greatly inuence the amount of ground surface area that receives irradi-
ation. By increasing the row spacing, it is possible for more irradiance
to be reected to the rear side of bifacial modules.
4. Mounting structure - the shading eects of the module's mounting
structure has a signicant impact on the rear side irradiance. A study
done by [17] shows a decrease in performance once the rear side is severely
shaded by some form of structure.
Although there are many factors and parameters that inuence the rear side
irradiance, these factors named above are known to mainly eect the rear side
and have less eect on the front side of a bifacial module. These factors are
more likely to have an eect on the energy yield of the plant while other design
parameters become problematic while designing a bifacial PV plant.
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Table 2.1: Albedo values of various ground types. [8]
Ground type Albedo
Concrete 0.25 - 0.70
Grass 0.20 - 0.30
Ice 0.30 - 0.50
Fresh Snow 0.75 - 0.95
Old Snow 0.40 - 0.70
Sand (dry) 0.35 - 0.45
Soil 0.40 - 0.50
Gravel 0.20 - 0.35
2.1.2 Conventional PV Plant Design Flaws
PV plant designers and engineers are more interested in the factors that will
determine the successful and seamless operation of PV plants. Some conven-
tional PV plant design implementations as shown in Figure 2.2, become tedious
problems when designing bifacial PV plants.
Figure 2.2: Convential PV plant design implementation of wiring and inverter.
Wiring plays a big role in PV plants and can sometimes become quite com-
plex to handle. The wires of module strings are normally bound at the back
of modules as form of protection against solar damage. Bifacial PV plants
may require new ways of handling wires as they can potentially block the rear
sides of modules from optimal exposure to radiation. Inverters and combiner
boxes are also usually placed behind xed tilt PV modules and are designed to
handle maximum voltage and current circumstances. Due to a lack of accurate
modelling and simulation of bifacial modules, it becomes hard for engineers to
design the bifacial PV plants at their true maximum and minimum ratings. By
accurately simulating bifacial PV plants beforehand, PV plant designers can
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prevent under or over design of various PV plant equipment. The combination
of all the above named factors and the lack of extensive characterisation of
modules, leads to some uncertainties regarding the operation of bifacial PV.
2.2 Conventional irradiance modelling
With a conventional monofacial PV module, only the front side irradiance
needs to be modelled. The techniques used were developed over many years
and are used widely in PV modelling [9]. The total incident irradiance on the
front side of a module can be described by the following equation.
Gfront = Gdirect +Gdiffuse +Greflect (2.1)
By giving the global horisontal irradiance (GHI) and the solar position as
input to the Perez model, Gdirect can be calculated which relates to the direct
normal irradiance (DNI) [18]. The Perez model can also be implemented to
acquire the value of Gdiffuse [18]. The Perez model is implemented in most
solar energy modelling tools which makes it a benchmark in the irradiance
modelling industry.
For Greflect, an isotropic model is implemented which assumes that the re-
ected radiation is uniformly distributed over an entire surface [19]. The model
as developed by [19] incorporates geometrical parameters of the sun which re-
lates to solar zenith and azimuth. Meteorological parameters such as humidity
are also taken into account [19].
The techniques used to calculate the latter three values prove to be accu-
rate for modelling the front side irradiance [9].This is not the case for bifacial
modules where the rear side irradiance is mainly dependent on Greflect and
the contributions of Gdirect and Gdiffuse are far less signicant. As researchers
in [16] show, the view factor method can be used to provide a more accurate
estimation of Greflect when compared to the isotropic model used in [19].
2.3 View factor modelling
The view factor (VF) is a fundamental concept used in heat transfer theory,
that describes the amount of radiation reected by one surface (A1) and re-
ceived by a second surface (A2) as shown in Figure 2.3 [20].
The view factor V FA1→A2 is merely a geometric fraction and can be de-
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Figure 2.3: Illustration of the view factor parameters of two surfaces.
The implementation of the view factor is demonstrated in Figure 2.4, where
a PV module casts a shadow onto a ground surface. In this case the reecting
surface can be broken up into two parts, i.e., the shadowed surface (As) and
the non-shadowed surface (Ans). The total reected irradiance (Greflect) on
the rear side of the module (Amod) can be described as follows [16]:
Greflect = α(GHI)(V FAns→Amod) + α(DHI)(V FAs→Amod) (2.3)
Figure 2.4: Illustration of a view factor implementation to estimate the rear
side irradiance of a PV module.
In equation 2.3, α describes the ground surface albedo coecient and is
multiplied with both GHI and DHI respectively. The non-shadowed surface
is primarily radiated by the GHI (Global Horizontal Irradiance) component
whereas the shadowed surface is only radiated with the DHI (Diuse Hor-
izontal Irradiance) component. It is clear that view factor modelling is an
analytical approach that may become tedious if the complexity of surfaces in-
tensies. Another approach would be to solve the problem by means of an
optical technique such as ray tracing.
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2.4 Ray tracing
The concept of ray tracing was realised in computer graphics to synthesise a
2D image of a 3D environment [11]. In basic terms, ray tracing operates in
the same way a camera would when snapping a picture of a scene. To further
understand ray tracing, a brief explanation regarding the two methods of ray
tracing, forward- and backward tracing, will be given.
2.4.1 Forward ray tracing
Forward ray tracing is the most intuitive method to use for an explanation as
to how ray tracing works. The operation of forward ray tracing is illustrated
in Figure 2.5.
Figure 2.5: Forward Ray Tracing.
The process starts by following the path of a photon (Ray1) from it's origin
which can be any form of light source. As Ray1 hits the surface of the object, an
interaction (Interaction1) takes place. The pre-dened material characteristics
and geometry of the object, together with a set of mathematical equations will
determine the outcome of Interaction1. In this case Interaction1 reects Ray1
toward the V iewPoint. The intersection between Ray1 and the ImageP lane
results in Pixel1 to be displayed.
If the same steps are followed for Ray2, it is clear that the outcome of
Interaction2 will lead to a reection away from the ImageP lane. This results
in no pixel being displayed in the ImageP lane for Ray2. This process can
be repeated for n number of rays. The amount of calculations needed to
successfully render the scene would therefore range from (1, 2...n).
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With forward ray tracing it is possible for n to approach innity and none
of the rays reached the ImageP lane [11]. Backward ray tracing solves this
problem.
2.4.2 Backward ray tracing
For scene rendering purposes one will only be interested in the result shown
in the ImageP lane with the least amount of computational power required.
This is realised by reversing the process of forward ray tracing which follows
a general direction from a light source, toward an object and hopefully toward
the ImageP lane. Backward ray tracing, as illustrated in Figure 2.6, follows
the paths of rays from the V iewPoint through the ImageP lane until a object
is intersected. The outcome of the interaction with the object then determines
whether the ray path can be traced toward a light source. If the path to
a light source is blocked by another object, as with Ray2 in Figure 2.6, the
specic path will be identied as a shadow ray. The outcome of the traced
path determines the value of the pixel of origin.
Figure 2.6: Backward Ray Tracing.
With this process, the number of rays (n) are limited to the number of
pixels required to successfully render a scene, hence a reduction in computation
time. Backward tracing is therefore the most common implementation of ray
tracing [11] and can be extensively utilized for irradiance modelling of PV
applications.
2.5 Ray tracing in PV applications
Although ray tracing is already an established technique used in the PV indus-
try, these applications are focused on cell properties such as light entrapment,
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optical concentration and more [12]. It could be of great interest to further uti-
lize ray tracing for modelling the rear side irradiance of bifacial modules as [13]
has shown. Figure 2.7 shows how backward ray tracing can be implemented
to model the rear side irradiance of bifacial modules.
Figure 2.7: Backward Ray Tracing in a PV application.
To model the rear side irradiance of a bifacial module, the V iewPoint can
be set to a point on the rear side of the module. The incident irradiance at the
V iewPoint may then be measured by tracing n number of rays by means of
backward ray tracing. This method seems intuitive as it is a virtual represen-
tation of measuring irradiance in the real world by means of a pyranometer.
2.6 Summary
It is evident that the rear side irradiance plays an important role in the op-
eration of bifacial PV modules. It is therefore important to accurately model
the rear side irradiance when it comes to simulating bifacial modules. Con-
ventional means of irradiance modelling mostly implements the theory of view
factors [9]. This method may fall short when modelling the rear side irradiance
due to it's robustness when handling complex geometries [3]. Ray tracing and
more specically backward ray tracing may serve as a viable solution as it is
widely used in accurate light rendering software such as Radiance. Although
ray tracing is implemented in modelling cell-level eects [12], there exists only





Electrical characterisation plays an important role when modelling the elec-
trical behaviour of PV modules. Unfortunately there are many uncertainties
regarding the characterisation of bifacial PV modules [6].
To better understand the shortcomings of bifacial module characterisation,
some background will be given with regards to electrical characterisation of
monofacial modules.
3.1.1 Characterisation of monofacial modules
PV modules are primarily characterised by the relationship between the cur-
rent and voltage output of a single module. This current-voltage relation-
ship is known as the I-V characteristics of a PV module and is a function
of output current and voltage with a load varying between open-circuit and
short-circuit [21]. A typical I-V characteristic curve is shown in Figure 3.1.
In Figure 3.1, a few important points are marked and are typically the
most valuable measured specications of a PV module where:
 Isc is the short-circuit current,
 V oc is the open-circuit voltage,
 Pmax is the maximum power point,
 Impp is the current at maximum power point and
 V mpp is the voltage at maximum power point.
The characteristics named above allow PV designers and engineers to ac-
curately design PV plants within the designated constraints and limitations.
17
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Figure 3.1: Typical I-V characteristics curve of a PV module.
These key characteristics are measured and given in the module data-sheets by
their respective manufacturers. The process of measuring the I-V characteris-
tics of a PV module has to comply with Standard Test Conditions (STC) as
stated in the IEC60904− 1 regulation [22]. The most important STC values
are given in Table 3.1.
Table 3.1: Standard Test Conditions (STC) for characterising monofacial PV
modules.
Variable STC value
Irradiance (G) 1000 W/m2
Temperature (T ) 25 °C
Air Mass (AM) 1.5
Characterisation of monofacial modules must strictly comply with IEC
standards. This makes the process of comparing various PV modules easier
as it is known that the given power rating of a module from one manufac-
turer, was acquired by means of the same process as a module from a dierent
manufacturer [23]. This however, is not yet the case for bifacial modules as
standardised characterisation was just recently published.
3.1.2 Characterisation of bifacial modules
The characterisation of bifacial modules has been studied thoroughly and a
number of methods were proposed [14]. However, a standardised characterisa-
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tion procedure for bifacial PV devices was released under IEC60904−1−2 in
January 2019 [24]. This procedure can be described by the following steps [25]:
Step 1: Determine Bifaciality The bifaciality coecient (ϕ) describes
the relationship between the output contribution of the rear side versus the
front side under the same illumination conditions and is given as a percent-
age. The bifaciality is taken as the minimum of three bifaciality coecients













ϕ = min(ϕIsc, ϕPmax) (3.4)
The bifaciality coecients are determined by taking measurements whilst
illuminating the front and rear side separately at STC (Table 3.1) as shown in
Figure 3.2.
Figure 3.2: Procedure to determine the bifaciality coecients.
Step 2: Determine bifacial Gain bifacial gain is the nett power produced
by a module as a result of the additional contribution from the rear side. The
IEC60904 − 1 − 2 allows two methods to determine the bifacial gain of a
module [25].
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Double-sided illumination requires that both the front and the rear
sides are illuminated simultaneously as shown in Figure 3.3a. The front side is
illuminated at 1 sun intensity (1kW/m2) while the rear side receives at least 3
respective intensity levels of illumination (GRi). The maximum power output
(Pmax) for each rear side illumination (GRi) is then measured and plotted.
This procedure may be executed indoors or outdoors.
Equivalent one-sided illumination must be performed indoors and
requires no additional equipment to perform when compared to the bifaciality
test. The test procedure is illustrated in Figure 3.3b. Only the front side is
illuminated with at least 3 irradiance intensities (GEi), where GEi is described
by [25]
GEi = 1000W/m
2 + ϕ(GRi) (3.5)
where
i = 1, 2, 3, ...
and ϕ relates to the bifaciality coecient as given in Equations (3.1)-(3.4).
From Equation (3.5) it is clear that the chosen rear side irradiance intensities
(GRi) are scaled down with ϕ and added to the reference front side irradiance
of 1000 W/m2 to form an equivalent irradiance GEi . This procedure aims to
overexpose the cells with the same amount of eective irradiance that would
reach the front and rear surfaces of the module.
(a) Double-sided illumination. (b) Equivalent one-sided illumination.
Figure 3.3: Two methods to determine bifacial gain.
Step 3: Report Key Data It is not only important to standardise the
characterisation procedure, but also the data that needs to be reported by
module manufacturers. This allows PV investors to make equal comparisons
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between various modules. The IEC60904− 1− 2 requires the following data
to be reported for bifacial PV devices [24]:
1. STC data as characterised for monofacial modules (IEC60904− 1)
 Short-Circuit Current (Isc)
 Open-Circuit Voltage (V oc)
 Maximum Power Point (Pmax)
2. Bifaciality (ϕ)
3. Maximum Power Points with rear side contributions
 PmaxBiFi100 (GRi = 100W/m
2)
 PmaxBiFi200 (GRi = 200W/m
2)
With sucient characterisation data it is now possible to nd an optimal
solution to model the electrical behaviour of bifacial modules.
3.2 One-diode model for mono-facial PV
Like many other facets of bi-facial technology, there are uncertainties regarding
the electrical modelling of modules. In order to progress toward an electrical
model for bi-facial PV modules, the one-diode model of mono-facial modules
will be used as a base. Many researchers extensively study the electrical be-
haviour of mono-facial PV cells. There are a number of possible methods to
electrically model mono-facial modules. The best-known models are [26]:
 One-diode model
 Ideal one-diode model
 Series-resistance (Rs) one-diode model
 Shunt- and series-resistance (Rsh-Rs) one-diode model
 Two-diode model
The complexity and accuracy of each model varies, but it is known that the
Rsh-Rs one-diode model suciently simulates the electrical behaviour of a PV
cell [3]. The equivalent circuit is shown in Figure 3.4 and yields the following
equation for the output current (I) [26]:









− V + IRs
Rsh
(3.6)
In Equation 3.6, k is known as the Boltzmann's constant (k = −1.380653×
10−23 J/K) and q is the value of an electron charge (q = 1.60217646 × 10−19
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Figure 3.4: Rsh-Rs one-diode model for monofacial PV cells.
C) [26]. T is the module temperature at a given time and apart from the
dependent values of I and V , Equation (3.6) leaves ve unknown parame-
ters: photon-current (Iph), saturation current (I0), ideality factor (n), shunt-









From Equation (3.7) it is clear that the photon-current Iph is dependent on
the incident irradiance (G) with relation to the reference irradiance (Gref =
1000 W/m2), the short-circuit current (Isc), the temperature eects as de-
scribed by the module's short-circuit current temperature coecient (α) and
the temperature dierence (∆T ), where
∆T = T − TSTC . (3.8)
TSTC is the reference temperature of 25 °C. The Rsh−Rs one-diode model
can be further developed to model bifacial PV cells [3].
3.3 One-diode model for bi-facial PV
The Rsh −Rs one-diode model as given for mono-facial PV cells can be mod-
ied for bifacial PV cells by adding an additional current source Iph−r [3], as
shown in Figure 3.5. In this equivalent circuit, the current sources Iph−f and
Iph−r represent the photovoltaic contribution of the front and rear side, due to
incident irradiance, respectively [3].
The one-diode model as shown in Figure 3.5, yields Equation (3.9) for the
output current (I) and Equations (3.10)-(3.11) for the front and rear photon
currents (Iph−f and Iph−r). In Equations (3.10)-(3.11), Gf and Gr represent the
values of the incident irradiance on the front and rear surface of the bifacial cell
respectively. The photon currents can therefore be calculated with measured
or simulated front and rear side irradiance values. In order to further model a
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Figure 3.5: Rsh-Rs one-diode model for bifacial PV cells.
specic bifacial PV module, the four unknown parameters, I0, n, Rsh and Rs,
needs to be solved on module-level.


























3.4 Parameter solving for the one-diode model
A method for solving the unknown parameters of the designated one-diode
model for bifacial cells is given by [14]. This proposed method relies strongly on
measurement points that are not standardised parameters for bifacial modules
that needs to be reported according to [24] and the IEC60904− 1− 2. With
regards to monofacial modules, there are a number of methods for solving
the unknown parameters of the one-diode model [26], with the most common
being the method presented by De Soto et al. [27], where the equivalent circuit
equation at module-level is described by:









− V + IRs
Rsh
(3.12)
where Ns is the number of cells that are connected in series to form a
PV module. From Equation (3.12), the following unknown parameters are left
I0, n, Rsh and Rs. In [27], a parameter extraction method is presented that only
relies on value points that are made available by PV module manufacturers
and most commonly found in module data-sheets. These values are deter-
mined at STC and include: short-circuit current (Isc−ref ), open-circuit voltage
(Voc−ref ), voltage and current at maximum power point (Vmpp−ref and Impp−ref )
and open-circuit voltage temperature coecient (βVoc). The value points are
substituted into Equation (3.12) and yield Equations (3.13)-(3.17) [27].
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At short-circuit current, I = Isc−Ref and V = 0.












At open-circuit voltage, I = 0 and V = Voc−ref .

























Finally, from Figure 3.1 in section 3.1.2, it is known that the derivative of



































Equations 3.13-3.17 must then be iteratively solved to yield values for
I0, n, Rsh and Rs. The complete one-diode model together with incident ir-
radiance values may then be implemented to calculate the current, voltage
and power output of a PV module at any given time.
3.5 Summary
3.5.1 Electrical characterisation
Up until now, the task of comparing bifacial modules from various manufactur-
ers was tedious [23]. This was due to the lack of standardised characterisation
for bifacial PV modules. A standardised characterisation methodology was
recently published under IEC60904 − 1 − 2 [24]. This will force bifacial PV
manufacturers to report specied data, which includes the bifaciality coe-
cient, that have been acquired by standardised tests. PV investors may now
make easier comparisons between various bifacial technologies.
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3.5.2 Electrical modelling
The most common model used to simulate the electrical behaviour of bifacial
PV cells is an adjusted Rsh−Rs one-diode model [3]. This one-diode model is
similar to that of monofacial PV cells but it consists of an additional current
source, Iph−r, that separately models the photovoltaic eect of incident irradi-
ance on the rear side of the cell [3]. Although a parameter extraction method
specically for bifacial modules is proposed by [14], this method makes use of
some data that is not required by IEC60904−1−2 to be reported. Therefore
a parameter extraction method as proposed by [27] may be investigated.
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Simulation software for bifacial PV
As described in Chapter 1, the objective is to develop accurate simulation
software for bifacial PV in order to optimise bifacial plant designs and cong-
urations. As shown in Figure 4.1, there are three integral parts i.e. irradiance
model, electrical model and miscellaneous features, that needs to be imple-
mented in order to simulate bifacial modules extensively. This chapter will
rst look at existing bifacial simulation software and thereafter work through
the methodology of developing a novel implementation of simulating bifacial
PV modules.
Figure 4.1: The integrated parts that make up the bifacial simulation software.
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4.1 Existing bifacial PV modelling and
simulation software
Estimating the power gain of bifacial PV plays an important role in deter-
mining the levelised cost of electricity (LCOE) of the technology [3]. In or-
der to successfully make such estimations, a seamless integration of accurate
irradiance- and electrical modelling is needed. The added complexity of rear
side irradiance and lack of eld data to support existing electrical models, leads
to a scarcity of simulation software tools that can model bifacial modules ac-
curately [3].
4.1.1 Commercial software
There are two commercial software tools available that have bifacial modelling
capabilities [3]. The rst is the well known PVSyst that is widely used in
commercial yield predictions etc. Bifacial modelling was added to the soft-
ware in March 2017 with version 6.6.1 and received further development and
upgrades with later updates [28]. At rst the bifacial modelling capabilities
were only available for PVSyst 's shed-like 2D PV systems with no 3D features
such as tracking and vertical installations [28]. A single-axis tracking feature
was added in version 6.7.0 [28]. PVSyst implements view factors, as described
in section 2.3, for modelling the rear side irradiance and the one-diode model
for bifacial modules, as given in section 3.3, is utilised for estimating power
output [29].
The second commercial software tool with bifacial modelling capabilities is
Polysun [3]. The calculation used in Polysun results in a energy boost value
that is acquired by multiplying the albedo and bifaciality coecients with the
eective geometry of the bifacial plant [30].
4.1.2 Software in development
Due to the scarcity of bifacial simulation software, the academic and research
communities are motivated to nd viable solutions that can accurately model
bifacial systems. Most of the contributions [9,13,15,16] make use of view factor
and ray tracing implementations to model irradiance [3].
The National Renewable Energy Laboratory (NREL) developed open-source
view factor [31] and ray tracing [32] models that are easily accessible and free to
use. These models are each implemented to show the eects of various design
parameters, such as albedo and mounting height, on the rear side irradiance
and power gain of bifacial modules [3]. In [15] it is shown that there is a sig-
nicant dierence in accuracy when comparing various modelling techniques.
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Simulation results vary up to 10% between models that implement view fac-
tors and ray tracing respectively [15]. There clearly is a need for accurate
simulation software for bifacial technology.
4.2 Irradiance modelling
After evaluating the work done by [13], it was determined that there is interest
to implement ray tracing as an irradiance modelling tool for bifacial PV. By
implementing ray tracing, which is known to model the behaviour of light
accurately [11], it is expected to model the incident irradiance, more specically
the rear side irradiance, very eectively. As with the research done in [13], a
ray tracing tool named Radiance was chosen as an eective implementation
for modelling the irradiance of bifacial modules.
4.2.1 Implementing the Radiance software tool
Radiance is an open-source ray tracing tool that was originally developed for
architectural lighting analysis [33]. The software was developed in UNIX and
operates by means of running text commands which calls a series of executable
programs (.exe les). The executable programs operate by taking dened pa-
rameters as input and returning the desired results. The software therefore has
no user interface that can control commands or design virtual environments.
As the diagram in Figure 4.2 shows, there are three parts that need to be
modelled in order to take irradiance measurements on the front and rear side of
modules by means of ray tracing. These three parts are the sky model, ground
model and the geometric description of bifacial modules. Together, the three
parts form the virtual environment in which a PV plant can be simulated.
4.2.2 Sky model
The sky model will play the most important role in the irradiance modelling
process, as it will form the source of radiation in the virtual environment. The
modelled sky will consist of two parts i.e. the sun which is the primary light
source and the sky itself which radiates reected energy throughout the virtual
environment. The sun is represented by direct normal irradiance (DNI) where
the sky's reected energy consists of diuse horizontal irradiance (DHI). The
combination of DNI and DHI is the global horizontal irradiance (GHI) and
can be mathematically described by Equation (4.1).
GHI = DNI × cos(θ) +DHI (4.1)
In equation 4.1, θ represents the solar zenith angle and is dened as the
sun's angular position (0°- 90°), measured from the the vertical z-axis. Another
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Figure 4.2: The three parts that make up the virtual environment for modelling
irradiance.
angular value known as the azimuth angle (γ), describes the sun's position in
the horizontal plane (0°- 360°) and is measured clockwise from the axis facing
directly north. The denitions of the zenith- and azimuth angles are illustrated
in Figure 4.3.
Figure 4.3: Illustration of solar zenith and azimuth angles.
If the GHI, DNI, DHI, zenith and azimuth values are known for any given
time, it is possible to model the total radiation as produced by the sun and the
sky for that specic time. With Radiance it is possible to build a sky model
with one of three functions:
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 gensky - a sky description is dened by implementing a CIE standard
sky for a given day, month and time of day at a chosen location. This
function does not take GHI, DNI or DHI values as input.
 gendaylit - the sky is realised by implementing Perez models [18]. In
order to model the direct and diuse components, the DNI and DHI
values are given as input. The solar position can either be given directly
with zenith and azimuth values or it can be calculated by giving the
location, day, month and time of day.
 gencumulativesky - this function is ideal for modelling extended periods
as with seasonal or annual simulations. The result of this function is the
cumulative radiation of a sky denition over a designated period.
In order to have better control over the input parameters such as DNI, DHI
and solar angles, it was chosen to implement the gendaylit function to model
the sky.
4.2.2.1 Implementation of gendaylit
The gendaylit function was implemented to build a sky model for a designated
time. The function takes the DNI, DHI and corresponding solar zenith and az-
imuth angles to produce two light sources i.e. the sky and the sun. The zenith
and azimuth angles are acquired by calling the pvlib.location.getsolarposition()
function. The corresponding DNI and DHI values are produced by utilising the
pvlib.irradiance.erbs() function which takes the GHI and zenith angle as input.
The GHI values can be acquired by means of historic weather data (EPW or
TMY les) or it can be measured on site for model verication purposes. The
owchart in Figure 4.4 shows the process of implementing gendaylit to create
a sky denition le (sky.rad) for a designated time.
4.2.3 Ground model
Accurate modelling of the ground plane is as important as modelling the sky,
especially with regards to accurate modelling of the rear side irradiance of
bifacial modules. As shown in Figure 4.5, the ground plane is divided into
two parts: an innite ground plane and a nite ground plane. The innite
ground plane is also dened by implementing the gendaylit function, as it
has the ability to model two hemispheres, each representing the sky and the
ground respectively. The only input required is the average reectance of the
ground surface which relates to albedo. As this ground plane is dened to be
innitely large, it is not able to account for shadows on it's surface. Therefore
the additional nite ground plane is created.
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Figure 4.4: Flow chart for modelling the sky with gendaylit.
The nite ground plane is built with a nite geometry that spans the area of
the virtual PV plant. For this implementation, the normalised reectance of
each colour component of the ground surface i.e. red, green and blue (RGB),
has to be given as input. The RGB values that describe the nite ground
surface are normalised and given as described by Equations (4.2)-(4.3), where
α describes the albedo value of the ground surface [33].
RGBnorm = (α× 0.216) + (α× 0.7152) + (α× 0.0722) (4.2)




By giving the R, G and B values and the designated area as input, a
nite ground surface can be created in the form of a ground description le
(ground.rad).
4.2.4 Geometric description of bifacial modules
After building the virtual environment with a sky and ground model, the next
step is to represent the PV modules that make up a plant. With Radiance
there are two ways in doing this. One way is to import a geometric CAD le
that was designed with a third party CAD software tool. The second option
is to dene the modules geometrically in the form of text (.rad le), as was
done for this project.
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Figure 4.5: Illustration of modelled sky and two ground planes.
Each module is described by a predened material and coordinates that are
dependent on the module's geometry i.e. length, width and thickness. The
Radiance function named genbox is implemented to build each module with
the material and geometry given as inputs. The xform function is then called
to transform each module for the designated plant set-up i.e. tilt and azimuth
angles, elevation above ground and spacing between modules. The results of
this process is a text le (modules.rad) that contains the geometric coordinates
of each module in the virtual PV plant as shown in Figure 4.6.
4.2.5 Rendering the scene with an octree le
With the modelled sky, ground and modules in the form of text les, sky.rad,
ground.rad, modules.rad, it is rst necessary to create an octree le that de-
scribes the entire virtual scene. Octree les are commonly used in three-
dimensional graphic rendering where a scene is recursively subdivided into
partitions of eight. This allows for a more ecient way of describing a entire
three-dimensional scene with one single le. In Radiance, the oconv function
can be called with the scene text les as input, which results in an octree
le named pv-plant.oct. This octree le may then be used as input to one of
Radiance's ray tracing functions such as rtrace, rpict or rvu.
4.2.6 Determining incident irradiance on module
surfaces
Now that the virtual environment is built with a modelled sky, ground and
bifacial PV modules, it is possible to determine the incident irradiance on the
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Figure 4.6: Flowchart that illustrates the process of describing bifacial modules
geometrically in a Radiance scene.
front and rear sides of each module that requires simulation. In the real world,
irradiance is measured with a pyranometer. A pyranometer is a device that can
be placed at any given point and be faced in any direction to take a irradiance
measurement with high accuracy. The implementation of a pyranometer is
shown in Figure 4.7.
Figure 4.7: Implementation of a pyranometer to measure incident irradiance.
In the case of measuring the irradiance that is incident on the front or rear
surface of a module, the pyranometer must be installed in the same plane and
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have a direction normal to the surface of the module. This is known as the
plane of array (POA) irradiance. In order to take irradiance measurements in
the virtual scene, it is necessary to determine the point on each virtual module
at which the measurements must be made.
4.2.6.1 Determining virtual irradiance measurement points
The module description le, modules.rad, contains the coordinates of each
module's front and rear surface. By extracting the coordinates of each module's
front and rear surface, it is possible to perform vector calculations that will
result in in-plane coordinates and direction vectors that are normal to each
surface. Equations (4.4)-(4.7) show the vector calculations used to determine
an irradiance measurement point and direction vector for a module surface
dened by coordinate points P, Q, R and S , as illustrated in Figure 4.8.
Figure 4.8: Illustration of a surface with coordinates P, Q, R and S.
First the midpoint,M , of the surface is determined with a simple calculation
that adds the x, y and z coordinates of two opposite corners of the surface, in





Next, the directional vector, ~nM , that is normal to the surface, PQRS ,
must be determined. This is done by taking the cross product of two vectors
that exist in the same plane as PQRS . In this case the two vectors were chosen
to be ~PQ and ~PR.
~PQ = Q−P (4.5)
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~PR = R−P (4.6)
~nM = ~PQ× ~PR (4.7)
With the midpoint, M , and the corresponding normal directional vector,
~nM , it is possible to take an irradiance measurement that is known to be on
the surface and in plane of the desired module. This process is followed for
both the front and rear surfaces, the rear surface normal directional vector,
~nM , is just inverted by multiplying with −1.
4.2.6.2 Irradiance analysis with ray tracing
The Radiance function named rtrace was chosen to analyse and determine the
incident irradiance on the front and rear sides of the virtual bifacial modules.
The rtrace function implements backward ray tracing to nd the incident ir-
radiance at a chosen location in the virtual scene. There are two possible
methods of measuring irradiance with rtrace. The chosen method imitates the
process of measuring irradiance in the real world with a pyranometer by giv-
ing the coordinates of the measurement point and the directional vector which
corresponds to the plane of array.
As illustrated in Figure 4.9a, the front irradiance is measured by imple-
menting rtrace at midpoint Mfront where ray tracing takes place along the
path described by the directional vector ~nfront. As a result rtrace returns the
irradiance value at the point Mfront. The same process is followed for the rear
the rear side, as shown in Figure 4.9b. To better analyse the rear irradiance
distribution, it was decided to take measurements at two points, Mrear1 and
Mrear2, together with their corresponding directional vectors, ~nrear1 and ~nrear2.
The midpoints (Mfront, Mrear1, Mrear2) and directional vectors (~nfront, ~nrear1,
~nrear2) are given as input to rtrace and calculated as shown in Equations (4.4)-
(4.7). The irradiance at three points, as returned by the rtrace function, are
now known which can be used as input to the electrical model in order to
determine the power output of specic modules under certain conditions.
4.2.7 Summary of irradiance modelling methodology
The modelling functions of the open-source software, Radiance, was imple-
mented to model the irradiance distribution of bifacial modules. The process
of modelling an entire bifacial PV plant and it's immediate surroundings is
illustrated in the owchart given in Figure 4.10.
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(a) Front surface irradiance measurement. (b) Rear surface irradiance measurement.
Figure 4.9: Measuring modelled irradiance with ray tracing.
Figure 4.10: Flowchart of the irradiance modelling methodology.
First the sky is modelled with the Radiance function, gendaylit, by provid-
ing the DNI, DHI, zenith- and azimuth angles as input. These input values
are modelled and calculated with pvlib's getsolarposition and erbs functions
which takes inputs of location coordinates and GHI respectively. The gen-
daylit function is also used to model one of two ground planes in the virual
environment i.e. the innite ground plane which takes the desired albedo value
as input. In order to take shadows into account, a second nite ground plane
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must be implemented by dening a ground surface with designated area and
normalised RGB values that correspond to the specied albedo of the surface.
The bifacial modules with specied length, width and thickness are then mod-
elled with the genbox function and transformed with xform to take on the
specied tilt, elevation and spacing between modules. Three scene descrip-
tion les, sky.rad, ground.rad and modules.rad, are then converted using the
oconv function which produces an octree le named pv-plant.oct. The points
at which irradiance measurements must be taken is determined with vector
mathematics as given by Equations (4.4)-(4.7). Ray tracing is then imple-
mented with rtrace to determine the irradiance on the front and rear side of
any given module.
With the irradiance values as measured on the front and the rear side of
a bifacial module in a simulated environment, it is possible to calculate the
electrical power output of the bifacial module at that given time. The following
section will provide the methodology of modelling the electrical behaviour of
bifacial modules.
4.3 Electrical modelling
Although many research has been done on bifacial PV [13,15,31,32], the work is
mainly focused on modelling the rear side irradiance [3]. The implementation
of an electrical model together with accurate irradiance modelling therefore
plays a critical role in the research done for this thesis.
Figure 4.11: Illustration of the parts that make up the electrical model.
As shown in Figure 4.11, there are three parts that need to be solved in
order to produce power output data that is dependent on the modelled irra-
diance data. The implemented electrical model will determine the parameters
to be solved as well as the equations that can be derived in order to calculate
power for a bifacial module.
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4.3.1 Implementation of two electrical models
As shown in [3], the electrical model for bifacial PV is somewhat established,
but there is a lack of comparison between various implementations of electrical
models. It was therefore decided to implement two variations of electrical mod-
els that may later be compared and veried for accuracy. The rst variation
is a Rsh−Rs one-diode model for bifacial PV as described in chapter 3 where
the rear sides contribution is modelled with an irradiance dependent current
source. The second variation is realised by placing two Rsh − Rs one-diode
models in parallel with each representing the front and the rear contributions
respectively.
4.3.1.1 Eective Rsh −Rs one-diode model
The Rsh − Rs one-diode model for bifacial PV cells as described in chapter
3, section 3.3, can be reduced from two current sources (Iph−f and Iph−r) to
one eective current source (Iph−eff ). The circuit of the implemented eective
Rsh −Rs one-diode model is given in Figure 4.12.
Figure 4.12: Circuit diagram of the eective Rsh − Rs one-diode model for
bifacial PV cells.
The current source noted as Iph−eff , produces current that is dependent
on the eective irradiance of the bifacial module i.e. the sum of the front
irradiance and the weighted rear irradiance with regards to the bifaciality
factor (ϕ). Iph−eff can be described by Equation (4.8) and table 4.1 claries





Isc−bi + α(T − Tref )
)
(4.8)
The circuit for the eective Rsh−Rs one-diode model yields Equation (4.9)
with regards to the output current (I) and output voltage (V ) for a bifacial
module. Table 4.2 describes the variables and constants found in Equation
(4.9) and identies the unknown parameters that needs solving.
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Table 4.1: Description of variables in eective photon current (Iph−eff ) equa-
tion 4.8.
Variable Description
Iph−eff Eective photon current
Gfront Front irradiance
Grear Rear irradiance
Gref Reference irradiance at STC (1000 W/m2)
Isc−bi Short-circuit current as characterised for specic bifacial module
α Short-circuit temperature coecient
T Instantaneous module temperature
Tref Reference temperature at STC (25 °C)









− V + IRs
Rsh
(4.9)





T Instantaneous module temperature
Constants Description
q Electron charge (1.60217646× 10−19 C)
k Boltzmann's constant (−1.380652× 10−23 J/K)
Ns Number of cells in specic bifacial module
Unknown parameter Description




The process of solving the unknown parameters for the output current
equation is explained in section 4.3.2. Once the parameters are solved, it will
be possible to determine the output power of a bifacial module at a given time
for corresponding irradiance values.
4.3.1.2 Parallel Rsh −Rs one-diode model
The parallel Rsh−Rs one-diode model is implemented as an alternative model
when compared to the models commonly found in literature. The model is
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realised by placing two independent one-diode circuits in parallel as shown in
Figure 4.13. Each independent one diode circuit's output current contributes
to the total output current (I) of the model and represents the front (If ) and
rear (Ir) sides of a bifacial module respectively.
Figure 4.13: Circuit diagram of the parallel Rsh − Rs one-diode model for
bifacial PV cells.
The parallel Rsh−Rs one-diode model yields Equations (4.10)-(4.12) where
table 4.4 describes the variables that are not found in previous equations.
I = If + Ir (4.10)









− V + IfRs−f
Rsh−f
(4.11)
























Isc−r + α(T − Tref )
)
(4.14)
From table 4.4 it is clear that double the amount of unknown parameters
need to be solved for the parallel Rs − Rsh one-diode model. The following
section described the methodology for solving the unknown parameters for
both electrical model implementations.
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Table 4.3: Description of variables, constants and unknowns in output current
(If and Ir) equations (4.10)-(4.12).
Variable Description
If , Ir Front and rear side current contribution
Iph−f , Iph−r Front and rear side photon current
Unknown parameter Description
I0−f , I0−r Front and rear side diode saturation current
Rs−f , Rs−r Front and rear side series resistance
Rsh−f , Rsh−r Front and rear side shunt resistance
nf , nr Front and rear side ideality factor
4.3.2 Solving unknown model parameters
From section 4.3.1 it can be seen that the implementation of an electrical
model yields a set of equations that allows one to simulate the electrical be-
haviour of bifacial PV modules. The sets of equations that are derived from
the two varying implementations of the Rsh − Rs one-diode model, consist of
some unknown parameters that are unique to each PV module and are iden-
tied in tables 4.2 and 4.4. In order to obtain accurate results for the output
current and voltage, it is necessary to solve the unknown parameters for each
individual module. The parameter solving methodology for bifacial modules,
as proposed in [3], requires a range of input values that are obtained from
extensive characterisation tests. It was not possible to perform these exten-
sive characterisation tests at the facilities where the research for this thesis
was done, therefore generic monofacial parameter solving methodologies were
investigated and implemented.
4.3.2.1 Eective one-diode model parameter estimation
From table 4.2 it is clear that there are essentially four unknown parameters
that need solving, namely: I0, Rsh, Rs and n. In order to solve these four
parameters, it is necessary to derive equations that can be utilised in the
solving process. A combination of the methodology as proposed by De Soto
et al. and Mahmoud et al. was chosen as it only requires input values that
are obtainable from a module's data-sheet i.e. Isc, Voc, Impp and Vmpp [27] [34].
The illustrated IV-curve in Figure 4.14 shows the relationship of the input
points. These input values are standardised for all PV modules at STC and are
required by the IEC60904− 1− 2 as part of the standardised characterisation
for bifacial modules (section 3.1) [24]. By inserting these known values into
equation 4.9, the following intermediate equations are obtained [27]:
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Figure 4.14: Input values obtained from PV module IV-characteristic curve .
For short-circuit current: I = Isc and V = 0.












For equation (4.15), the second and third terms are negligible which results
in the following approximation.
Iph ∼= Isc (4.16)
Open-circuit voltage: I = 0 and V = Voc.












Maximum power point: I = Impp and V = Vmpp.









− Vmpp + ImppRs
Rsh
(4.18)
From Figure 4.14, it is clear that the derivative of the output power (IV )





































Now there are four equations (4.16)-(4.19) and ve unknown parameters
(Iph, I0, n, Rsh, Rs). It is therefore necessary to estimate one parameter in
order to obtain the other four parameters. Here, the estimation process as
described by [34] is implemented. First the value of Rsh is set to innity (107)
and substituted into equations (4.18) and (4.19) in order to solve Rs and n.
If the result for Rs and n is a viable solution i.e. Rs is positive and n is not
signicantly greater than 1.5, it is possible to estimate I0 with equation (4.17).
If a viable solution for Rs and n is not found after the rst step, Rs can be set
to zero in order to estimate Rsh and n from equations (4.18) and (4.19), after
which I0 can be estimated with equation (4.17). This process is illustrated in
the owchart that is given in Figure 4.15.
Figure 4.15: Flowchart illustration of the unknown parameter solving method-
ology.
The simultaneous solving of equations is done by utilising the root function
in python's scipy.optimize package. The function takes the equations to be
solved and rough estimate values for the unknowns as input and returns the
solutions for the given equations.
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4.3.2.2 Parallel one-diode model parameter estimation
The same process as described above is followed in solving the unknown param-
eters for the parallel one-diode model as given in table 4.4. The only dierence
is that the process is followed twice in order to solve the unknown parameters
of the front and the rear side. While the unknown parameters of one side is
being estimated, the assumption is made that the opposite side is virtually
blocked out and delivers no contribution to the current output. Therefore, in
equation (4.10), Ir = 0 while estimating the front side parameters and If = 0
while estimating the rear side parameters.
This parallel one-diode model implementation and it's accompanying param-
eter solving method is only possible if the data-sheet of the specic bifacial
module contains the rated values of the front and rear side as they were char-
acterised separately. Some manufacturers [35] do provide the separate rated
values as seen in the cut-out given in Figure 4.16. Once the model parameters
are solved, it is necessary to implement a thermal model in order to accurately
simulate the electrical behaviour of bifacial modules.
Figure 4.16: Cut-out of a bifacial module data-sheet that contains separately
rated values for both the front and the rear sides [35].
4.3.3 Thermal model
It is known that the operation and output of PV modules are highly dependent
on the eects of temperature. Some solar cells are rated to have a negative
temperature coecient of 0.4% which will lead to a 1% decrease in output
power for every 2.5 K that the module temperature is over 25 °C [3]. The
thermal behaviour of monofacial modules is extensively researched and stud-
ied, but the work done for bifacial modules is rather scarce [3]. Although the
thermal behaviour of bifacial modules can vary signicantly due to transpar-
ent rear covering and higher power output, it was decided to implement a
thermal model as proposed for monofacial modules. The goal is to model the
module temperature with the ambient temperature as input and then utilise
the characterised temperature coecients to model the eects of the module
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temperature. The following equation is implemented to estimate the module
temperature given the ambient temperature and wind velocity [36].














Table 4.4: Description of variables, constants and unknowns in output current
(If and Ir) equations 4.10-4.12.
Constants Description
τα Nusselt-Jurgess correlation for convection (τα = 0.9)
Variable Description
T Module temperature (K)
Ta Ambient temperature (K)
Vw Wind velocity (m/s)
G Incident irradiance (W/m2)
Gnom Irradiance at nominal operating conditions (W/m2)
Tnom Temperature at nominal operating conditions (K)
Tref Temperature at STC (K)
ηc Module eciency
The estimated module temperature, T , is then used in equations (4.8) and
(4.9) for the implementation of the eective one-diode model and in equations
(4.11), (4.12), (4.13) and (4.14) for the parallel one-diode model implementa-
tion.
4.3.4 Determining bifacial module power output at
maximum power point
With all the necessary parameters and independent values now obtained, it is
possible to calculate the output power of a specic bifacial module by applying
the modelled irradiance conditions to the chosen electrical model equations as
given by (4.22)-(4.24).









− V + IRs
Rsh
(4.22)









− V + IfRs−f
Rsh−f
(4.23)
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Figure 4.17: Flowchart illustrating the process of determining the power output
at MPP for a bifacial module.
The output power is determined by modelling the IV-curve of the module at
a designated irradiance value and then determining the maximum power point
(MPP) as illustrated in Figure 4.17. The IV-curve is modelled by creating
a voltage series with n equally spaced values ranging from short-circuit- to
open-circuit voltage. The voltage series can be described as:
Vi = [0;Voc] (4.25)
where i = 0, 1, 2...n
Each voltage value in Vi, irradiance measurement (Gfront and Grear) and
module temperature value (T ) is then applied to equation (4.22) or (4.23) and
(4.24) to calculate the corresponding current value. A current series is then
created which corresponds to the voltage series and can be described as:
Ii = [Isc; 0] (4.26)
From this a power series can be created by sequentially multiplying the
voltage- and current series with one another. It is then possible to determine
the MPP by identifying the maximum value in the power series. The MPP is
then chosen to be the output power value of the bifacial module at that given
time. The power series, MPP and output power can be given as:
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Pi = Ii × Vi (4.27)
Pout = MPP = max(Pi) (4.28)
Although the output power at a given time can be calculated, some software
functions are required to help the process of integrating the irradiance and
electrical models, as well as provide some features that will allow simulation
of bifacial modules.
4.4 Miscellaneous features
The two most important parts, the irradiance and electrical models, of the bifa-
cial simulation software are successfully implemented in order to produce power
output values for corresponding modelled irradiance measurements. There are
a number of miscellaneous features that need to be implemented to allow some
exibility when it comes to data handling, verication tests and running sim-
ulations. These features include data-le handling, tracking algorithms and a
graphical user interface.
Figure 4.18: Illustration of the interaction between the miscellaneous features
and the simulation process.
4.4.1 Graphical user interface
A graphical user interface (GUI) is implemented to allow a user to input various
parameters that are specic to the simulation requirements. The GUI adds
some exibility to the simulation software without the need to alter the source
code of the software for each variation in simulation requirements. The GUI
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focusses on four areas of user input as the illustration in Figure 4.19 shows.
Each area focusses on a category of input parameters that are required to
obtain the required simulation results.
Figure 4.19: Illustration of the four areas on which the GUI focusses.
4.4.1.1 Location and weather
The location and weather tab takes input parameters that correspond with
the environment at which a bifacial installation will be simulated. Figure
4.20 shows a copy of the location and weather tab. There are three main
parameters that are obtained from this tab i.e. ground albedo, latitude and
longitude coordinates and the time zone. A weather le must be specied
that holds the data needed to build the irradiance model. The option between
manual or weather le entry is also given which allows the site information to
be extracted from the specied weather le.
Figure 4.20: Location and weather tab in the GUI.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. SIMULATION SOFTWARE FOR BIFACIAL PV 49
4.4.1.2 Plant conguration
The plant conguration tab allows users to input data that is relevant to the
design and layout of the bifacial PV installation that requires simulation. The
input elds of the plant conguration tab is shown in Figure 4.21. The plant
conguration tab takes the amount of rows and columns in the plant as well
as the spacing between adjacent rows and columns. The module mounting
elevation can also be specied as it plays an important role in the rear side's
exposure to irradiance. An option is given for the modules to follow a tracking
algorithm or the specied xed tilt and azimuth angles can be input. This
input data allows the modelling of the virtual environment for a bifacial sim-
ulation.
Figure 4.21: Plant conguration tab in the GUI.
4.4.1.3 Module specications
The module specications tab requires input that corresponds to the design
and characteristics of the bifacial module that is implemented for the required
simulation. Figure 4.22 shows the elds that a user can input in order to
specify the designated bifacial module. The required input data corresponds
to the electrical characteristics of a given bifacial module and can be obtained
from the module's datasheet. The module geometry is also required in order
to dene the modules virtually. All the elds can be input manually or by
means of a module le which can be pre-dened and contains all the data as
mentioned. The data acquired from the module specications tab is critical in
setting up the electrical model of the bifacial simulation.
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Figure 4.22: Module specication tab in the GUI.
4.4.1.4 Simulation setup
The simulation setup tab relates to the period of the required simulation as well
as the data with which the simulation results can be compared. Figure 4.23
shows the simulation setup tab with it's input elds. The simulation period is
determined by dening a start date together with the required period i.e. one
day, one month or one year (annual). A custom start and end date can also be
set by the user for a custom simulation period. The option is given to specify
a le which contains data with which the simulation output can be compared
by means of line plots and output les. The simulation setup tab receives user
input that is essential to the simulation period and how the output compares
with measured data.
Figure 4.23: Simulation setup tab in the GUI.
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4.4.2 Data-le handling
In order to verify and compare the irradiance and electrical models, it will
be necessary to receive controlled real world input data as well as in-eld
measurement data. The real world input data may be used to build and
compare the irradiance and electrical models and may include GHI, ambient
temperature, wind velocity and plane of array angles. In-eld measurements
will be useful when verifying the output of irradiance and electrical models
with real world data. Data-le handling is also necessary for presenting the
simulation output data in an organised and interpretable manor. In table







Measurement le Plane of array front irradiance
Plane of array rear irradiance








Plane of array front irradiance
Plane of array rear irradiance
Table 4.5: Input and output les that are used and produced by the simulation
software.
It is required that the data of the input les are accompanied with time
stamps that relates to the date and time of the corresponding data elds.
It is therefore possible to extract the given data for a specic time of the
year and period and present it in the form of python dataframes for ease of
access throughout the simulation process. From the weather and measurement
input les, two dataframes are created. The weather dataframe is used in the
process of modelling the irradiance with modelled DNI and DHI data with GHI
as input. The ambient temperature and wind velocity elds in the weather
dataframe are used to implement the thermal model and in eect calculate the
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Figure 4.24: Flowchart illustrating the process of extracting and handling data
throughout the simulation.
output power. Modelled output verication and comparison can be done by
applying the measurement dataframe after which a simulation output data-le
is produced. The data handling process is illustrated in the owchart given in
Figure 4.24.
4.4.3 Tracking algorithm
Tracking plays an important role in the maximisation of solar PV power out-
put. A tracking implementation allows a single PV module or an array of
modules to track the path of the sun which results in more direct irradiance
exposure of PV cells, hence an increase in power output as opposed to xed tilt
applications. Solar PV tracking has taken on many forms from which single-
and dual-axis trackers are the most common examples of trackers [37].
As illustrated in Figure 4.25a, single-axis tracking is limited to the movement
of PV modules around one axis. Commonly, the chosen axis will be in the
horizontal plane and a north-south orientation which allows the PV modules
to track the sun's path in a hemispherical manner from sun rise to sun set.
Dual-axis trackers have the ability to move along two axis as shown in Figure
4.25b. This form of tracking leads to more exibility when it comes to accurate
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(a) Single-axis tracking. (b) Dual-axis tracking.
Figure 4.25: Two variations of PV tracking.
tracking of the sun's varying path between seasons. Dual-axis trackers tend to
be more expensive as they require more hardware to operate when compared to
single-axis trackers. When focussing on single-axis tracking, the back tracking
algorithm is the most commonly used which not only mimics the sun's path,
but also focusses on reducing shading between rows of PV modules.
4.4.3.1 Single-axis back tracking algorithm
As single-axis tracking only allows rotation around one axis, it is impossible
to constantly keep a PV module's front surface orthogonal to the incident
irradiance. With basic tracking, the tracking angle is therefore calculated to
orientate the front surface of a PV module as close as possible to the sun's
position with regards to the solar zenith and azimuth angle. The optimal
alignment of a PV array with single-axis tracking is in an east-west orientation
as shown in Figure 4.26a. The corresponding cross-section of the PV array in
Figure 4.26b indicates how the ground plane (β) and the tracking angles (α)
are dened.
The tracking angle can be calculated if the solar elevation (θe), azimuth (φ)
and ground slope (β) angles are known. Solar elevation is the sun's elevation
angle with respect to the ground plane and therefore given as:
θe = 90− θ (4.29)
where θ is dened as the solar zenith angle.
The solar coordinates (xs, ys, zs) can be obtained from the elevation and
azimuth angles as described in equations (4.30)-(4.32). The solar coordinates
together with the ground plane angle can then be used in equation (4.33) to
calculate the tracking angle [37].
xs = r cosφ · sin θe (4.30)
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(a) Optimal PV array alignment for single-
axis tracking.
(b) Cross-section of PV array with de-
nition of tracking angle (α) and ground
plane slope (β).
Figure 4.26: Top view and cross-section of a single-axis tracking PV array.
ys = r sinφ · cos θe (4.31)







Although this tracking angle (α) attempts to maintain orthogonality be-
tween the PV modules and incident irradiance, it is possible for the PV array
rows to cause shading on adjacent rows, especially with solar elevation angles
that are associated with sunrise and sunset. This occurrence of shading is
illustrated in Figure 4.27. The implementation of a back tracking algorithm
aims to solve this shading problem between adjacent rows with spacing (D)
and width (H). The rst step is to determine if shading actually occurs be-
tween adjacent rows. This is done by dening a vector ~S that originates at the
sun's position (s) and passes through point p. Point B is the point at which
~S intersects the plane in which the adjacent row is located. The vector ~S and
intersection B can be determined as described in equations (4.34)-(4.36) [37].
~S : p+ λs (4.34)
λ = − D sinα
zs cosα− ys sinα
(4.35)
By substituting (4.35) into (4.34) it is possible to determine the Cartesian
coordinates of the intersection point B:
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B = p− D sinα
zs cosα− ys sinα
s (4.36)
Figure 4.27: Illustration of a shading occurance between adjacent rows in a
PV array.
As B can lie anywhere in the plane of the adjacent row, a boundary check is
executed in order to determine if shading does indeed occur. Once it is known
that shading is caused between adjacent rows due to the original tracking









a = H ·D · z2s (4.38)




c = H2y2s +H
2z2s (4.40)
With the back-tracking algorithm as described above, it is possible to mimic
the tracking implementation of most monofacial PV installations. With the
integration of the irradiance and electrical models together with the miscel-
laneous features, it will be possible to determine if this form of tracking and
other implementations are applicable to bifacial technology.
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4.5 Integration of irradiance and electrical
models
In order to accurately simulate bifacial PV applications it is necessary to in-
tegrate the independent irradiance and electrical models together with the
miscellaneous features. Although both the irradiance and electrical models
are able to function independently, it is essential to combine their function-
ality which will enable simulations to evaluate a variety of design parameters
for bifacial PV. The integration was realised by using the python development
language. Python oers the functionality that is required to complete the
following tasks:
 Receive input from a user by means of a GUI.
 Run the necessary Radiance commands in order to model irradiance.
 Execute scientic calculations which models the electrical behaviour of
bifacial modules.
 Handle input and output data and create and read data les.
 Plot output data for comparison and verication.
A summarised owchart of the simulation process is given in Figure 4.28.
Upon initiation, the user is able to provide essential input data by means of
a GUI. The simulation period is determined and a corresponding timestamp
series is created. The applicable les are read and the necessary data is then
extracted for the designated time period. The simulation process then starts
by building the virtual environment given the weather input with a series of
text les. After converting the applicable les to an octree le, the irradiance
measurement points for the front and rear surfaces are determined after which
the rtrace command returns the irradiance values at these points. This process
is followed for each timestamp in the series which relates to the simulation
period. The irradiance at each timestamp is stored in a dataframe which will
be utilised later on.
Now the electrical model is built by extracting the module parameters as
given by the user. The unknown parameters are solved and given to the model
equations. The software then steps through the modelled irradiance values
which serves as input to the electrical model equations. First the module
temperature is calculated after which the output current-voltage characteris-
tic series (IV-series) is calculated. From the IV-series the MPP is determined
and dened as the output power which corresponds to the given instantaneous
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Figure 4.28: Summarised owchart illustration of the integrated bifacial sim-
ulation software.
irradiance and module temperature. This process is followed for each irradi-
ance value in the modelled irradiance dataframe. The modelled output power
for each time step is stored in a dataframe.
The modelled irradiance and output power are then plotted against the data
with which it was chosen to be compared. For irradiance, the front and rear
irradiance are plotted seperately in order to evaluate the rear side irradiance
individually. The output data is also saved in the form of a simulation output
le (.csv) which can be used for third party analysis.
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Practical verication and results
The simulation software for bifacial PV is developed by integrating indepen-
dent models for the irradiance and the electrical behaviour. The goal is to
design a simulation tool that can be used to model and optimise the design
for bifacial PV installations. To achieve this goal it is important to verify
the accuracy functionality of the irradiance and electrical models separately
before evaluating the outcome and results of the bifacial simulation software
as a whole.
Firstly the irradiance and electrical models will be veried with independent
experiments which compares the modelled outputs with real-world measure-
ments. Upon verifying that the models are accurate and functional in mod-
elling the essential factors such as rear side irradiance and electrical output,
it is possible to validate the eectiveness of the simulation software after inte-
grating the two models. Successful integration of the irradiance and electrical
models will allow a range of simulations to be run in order to gain some in-
sight into bifacial technology and make some recommendations with regards
to optimisation of bifacial plants etc.
5.1 Comparison metrics used for verication
This section will give context with regards to the error calculations that are
used to verify the irradiance and electrical models. The respective models will
be veried by comparing the modelled irradiance and power output with data
as measured at a designated bifacial PV test site. The accuracy of the models
will be determined by calculating the root mean square error (RMSE) and
mean bias error (MBE).
The RMSE is used to quantify the accuracy of a predicted dataset with a
corresponding observed or measured dataset. For the verication process, the
modelled and measured datasets consist of data points for 24-hour day with
58
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10 minute intervals. To calculate the RMSE, the mean of the summed squared
deviations between modelled (pi) and measured (oi) values in the dataset with
size N is obtained. The RMSE value is then determined by taking the square






The second metric used for comparison is the MBE which relates to a value
that indicates whether a prediction model under- or overestimates when com-
pared to measured data. The MBE is calculated as the mean of the summed
deviations between modelled and measured datasets. A negative MBE would
mean that the model underestimates and a positive MBE relates to an over-
estimation. The MBE value relates to the margin by which the model under-






Other comparison metrics such as mean absolute error (MAE) and mean
absolute percentage error (MAPE) will not be used for verication purposes as
the RMSE and MBE will give sucient insight with regards to model accuracy.
5.2 Experimental bifacial PV installation
For the sake of verifying the irradiance and electrical models, it is necessary to
compare the modelled results with measurements taken on an actual bifacial
PV installation. The chosen bifacial PV installation is the Stellenbosch Uni-
versity PV test site at Mariendahl. The bifacial installation consists of two
adjacent rows of twenty-eight modules that form part of a six row installation.
The layout of the PV installation at Mariendahl is given in Figure 5.1 where
the two bifacial rows are also identied. The two 28-module bifacial rows are
connected to a central single-axis tracking controller that allows single-axis
backtracking for all the rows in the plant.
5.2.1 Weather station
For verication purposes it is necessary to acquire the GHI as measured at
the PV test site.The irradiance and other weather measurements are taken
by a on-site weather station. The weather station consists of a control unit,
a thermometer for ambient temperature readings and a pyranometer for GHI
readings. It must be mentioned that the GHI pyranometer has a measurement
uncertainty of 2% which must be taken into consideration for analysing the
verication results. Readings are automatically taken in one-minute intervals
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Figure 5.1: Plant layout at Mariendahl test site.
Figure 5.2: Weather station at Mariendahl test site.
from where the data is stored for later access. The weather station unit is
shown in Figure 5.2.
5.3 Verication of irradiance model
The irradiance model plays a critical role in simulating bifacial PV modules as
it is proven in [15] that there are some complexities with regards to modelling
of the rear side irradiance. It was therefore decided to implement the ray
tracing algorithm as an irradiance modelling technique as described in chapter
4, section 4.2. It is now essential to verify the accuracy and functionality of
the ray tracing irradiance model by comparing the modelled irradiance with
real-world irradiance measurements.
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5.3.1 Experiment methodology
In order to verify the irradiance model, it is necessary to compare the mod-
elled irradiance results with irradiance measurements taken on an actual PV
installation. It is essential that irradiance measurements are taken on the front
and rear sides of bifacial modules as the accuracy of both sides' irradiance is
of high importance. The real-world irradiance measurements of the front and
rear sides are obtained with the installed pyranometers as described in section
5.3.2. The real-world environment is modelled by providing the GHI data,
as measured by the on-site weather station, for the same time the irradiance
measurements were taken. The modelled and measured irradiance are then
compared and the accuracy of the model is determined.
5.3.2 Experiment input
In order to compare the modelled irradiance with measured irradiance, it is
necessary to provide input data that models the bifacial installation and PV
test site as close as possible. The irradiance model input data for the irradiance
verication experiment is given in Table 5.1.
Table 5.1: Input data for irradiance model verication.
Site specications
Location 33.85 °S 18.86 °E
Modules LR6-72BP-350
Rows 4
Row spacing 5 m
Module height 1 m





Weather input GHI (on-site)
Measured input Front and rear irradiance
A set of three pyranometers are mounted onto the bifacial installation for
in plane irradiance measurements and are located on the south side of the
fourth row as Figure 5.3 illustrates. A plane of array front facing pyranometer
is installed as shown in Figure 5.4a and two plane of array rear facing pyra-
nometers are installed as shown in Figure 5.4b. The pyranometers used for
the verication measurements have a uncertainty of 2% which might inuence
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the verication process. The irradiance measurements are taken and logged
by the weather station for later access.
Figure 5.3: Illustration of the pyranometer locations within the PV test site.
(a) Front facing pyranometer. (b) Rear facing pyranometers.
Figure 5.4: Plane of array pyranometers at Mariendahl test site.
5.3.3 Verication results
The irradiance model is veried by comparing the modelled irradiance with
pyranometer irradiance measurements for two days. It was decided to verify
the irradiance model for a clear sky day as well as an intermittent day. The
GHI as measured by the on-site weather station of a clear sky and intermittent
day is given in Figures 5.5 and 5.6. The measured GHI is given as input to
the irradiance model in order to ensure the validity of the verication. The
modelled and measured results for the clear sky and intermittent days are
compared in Figures 5.7-5.8 and 5.9-5.10 respectively. Table 5.2 gives the
RMSE and MBE for the comparison between modelled and measured front
and rear side irradiance for clear sky and intermittent days.
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Figure 5.5: On-site measured GHI for a clear sky winter day.
Figure 5.6: On-site measured GHI for a intermittent winter day.
The results of the clear sky verication as shown in Figures 5.7 and 5.8 are
satisfying. The front side irradiance RMSE of 46.32 W/m2 is substantial but
when compared to a peak front irradiance of around 680 W/m2, it becomes
somewhat more acceptable. The MBE shows that the irradiance model un-
derestimates the front irradiance by 20 W/m2. The rear side irradiance errors
are very satisfying with a mean RMSE of 3.8W/m2 and a mean MBE of 0.935
W/m2 for the two rear measurement locations. This indicates that the irra-
diance model overestimates the rear side irradiance slightly when compared
with measured data for a clear sky day.
A comparison between modelled and measured irradiance was also done for
an intermittent day. The modelled and measured front and rear side irradiance
are given in Figures 5.9 and 5.10. The RMSE for the front and two rear
side irradiance measurements are 1.71 W/m2, 1.56 W/m2 and 1.54 W/m2
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Table 5.2: Statistical errors for the irradiance model verication.
Variable RMSE (W/m2) MBE (W/m2)
Clear sky day (Daily total irradiation: 3.25 kWh/m2)
Front irradiance 46.32 -20.19
Rear irradiance 1 3.57 1.09
Rear irradiance 2 4.04 0.78
Intermittent day (Daily total irradiation: 0.67 kWh/m2)
Front irradiance 1.71 0.54
Rear irradiance 1 1.56 0.29
Rear irradiance 2 1.54 0.41
Figure 5.7: Comparison between modelled and measured plane of array front
irradiance for a clear sky day.
respectively, which is satisfactory. The MBE values show that the irradiance
model overestimates the front and rear irradiance slightly with an average
MBE of 0.413 W/m2 for an intermittent day.
When the assumption is made that the irradiance distribution is equally
divided between clear sky and intermittent days over a long period, it is pos-
sible to determine that the ray tracing technique will model irradiance with
an average RMSE of 24.01 W/m2 for the front side and 2.68 W/m2 for the
rear side. The front irradiance is underestimated with a MBE of -9.825 W/m2
where the rear side irradiance is overestimated with a MBE of 0.64 W/m2. It
must be noted that the verication was done in the winter season which may
inuence the results.
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Figure 5.8: Comparison between modelled and measured plane of array rear
irradiance for a clear sky day.
Figure 5.9: Comparison between modelled and measured plane of array front
irradiance for an intermittent day.
5.4 Verication of electrical model
The simulation software for bifacial PV will rely on the accuracy of both the
irradiance and electrical models. Now that the irradiance model is veried, it
is necessary to verify the accuracy of the electrical model by comparing the
modelled power output with measured power output of the bifacial installation
at the PV test site. It will also be of interest to determine which of the two
electrical models are more accurate.
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Figure 5.10: Comparison between modelled and measured plane of array rear
irradiance for an intermittent day.
5.4.1 Experiment methodology
In order to verify the electrical model, the model results must be compared
with measured power data. The output power is measured with a power logger
that is connected in series with an installed LONGI Solar bifacial module at
the PV test site. The front and rear irradiance as measured at the location
of the designated bifacial module is given as input to the electrical model of
which the result is modelled power output. The output of the two respective
models, the eective and parallel Rsh − Rs one-diode models, can then be
compared with the measured output as the input irradiance is identical for
both datasets.
5.4.2 Experiment input
The electrical power output is measured by a current and voltage logger that is
connected in series with the designated bifacial module. The designated bifa-
cial module is at the south side of the fourth row as illustrated in Figure 5.11.
This location is chosen as it is exactly where the rear pyranometers are located
which will measure the irradiance input to the electrical model. The power
logger digitally takes voltage and current measurements in one-minute inter-
vals. The measured data is then sent to a database via a central Lora network.
The power logger is installed in a way that it does not signicantly obstruct
any cells from rear irradiance as shown in Figure 5.12. The performance and
verication of the power logger can be observed in [39].
As the electrical model verication is reliant on the variation in irradiance
and temperature it requires no input parameters with regards to the PV test
site specications. The bifacial module characteristics is however needed to
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Figure 5.11: Illustration of the designated bifacial module's location at which
the power logger is installed.
Figure 5.12: Installation of the power logger at the PV test site.
model the power output. The module input data is given and described in
Table 5.3. It must be noted that the specic bifacial modules were charac-
terised before the standard of IEC−6094−1−2 as described in 3.1, has been
accepted as a standard. The modules are therefore separately characterised
by the front and rear sides at STC of 1000 W/m2 and 25 °C.
5.4.3 Verication results
With all the input data available, it is now possible to model the electrical
behaviour of the designated bifacial module by implementing two respective
models namely the parallel and eective irradiance Rsh−Rs one-diode models,
as described in section 4.3.1. Both models are veried for intermittent and clear
sky days for which the power output results are shown in Figures 5.13 and 5.15
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Table 5.3: Characteristics of LongiSolar bifacial modules as installed at bifacial
test site.
Model Code LR6-72BP-350M
Characteristic Front Rear Unit
Maximum power (Pmax) 350 263 W
Open-circuit voltage (Voc) 47.2 46.8 V
Short-circuit current (Isc) 9.39 7.19 A
Voltage at MPP (Vmpp) 39.2 40.2 V
Current at MPP (Impp) 8.93 6.54 A
Module eciency (ηc) 17.8 13.3 %
Bifaciality (ϕ) 75 %
Temperature coecient of Isc (α) +0.06 %/°C
Temperature coecient of Voc (β) -0.30 %/°C
respectively. The modelled and measured energy output is also plotted and
given in Figures 5.14 and 5.16 for both the intermittent and clear sky days.
Table 5.4 gives the calculated RMSE and MBE for the two electrical models
and the measured data.
Table 5.4: Statistical errors for the electrical model verication.
Variable RMSE MBE Unit
Clear sky day (Daily measured energy: 9.93 kWh)
Power (eective) 11.74 4.60 W
Power (parallel) 10.15 -2.16 W
Energy (eective) 0.393 0.243 kWh
Energy (parallel) 0.265 -0.209 kWh
Intermittent day (Daily measured energy: 1.5 kWh)
Power (eective) 3.86 -1.42 W
Power (parallel) 7.34 -3.88 W
Energy (eective) 0.137 -0.103 kWh
Energy (parallel) 0.369 -0.273 kWh
First an analysis is done for the comparison between the parallel model and
measured energy output. The intermittent and clear sky days yield respective
RMSE values of 0.369 kWh and 0.265 kWh on the modelled and measured
energy output. When observing the MBE for the two days, it is clear that the
parallel model underestimates with an average MBE of -0.241 kWh.
After analysing the results of the eective model, it can be determined that
this form of electrical modelling is the most accurate for bifacial modules.
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Figure 5.13: Comparison between two modelled (parallel and eective) and
measured power output for an intermittent day.
Figure 5.14: Comparison between two modelled (parallel and eective) and
measured energy output for an intermittent day.
Although the eective model shows an overestimation on the energy output
with a RMSE and MBE for a clear sky day of 0.393 kWh and 0.243 kWh
respectively, this model yields an underestimation for an intermittent day with
a RMSE and MBE of 0.137 kWh and -0.103 kWh. These values result in an
overall energy output RMSE of 0.265 kWh and a MBE of 0.07 kWh which
relates to a slight overall overestimation.
By comparing the average errors of the parallel and eective models, it
is intuitive to prefer the results of the eective model, as it is 19.62% more
accurate relative to the parallel model when comparing the average RMSE's.
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Figure 5.15: Comparison between two modelled (parallel and eective) and
measured power output for a clear sky day.
Figure 5.16: Comparison between two modelled (parallel and eective) and
measured energy output for a clear sky day.
As the electrical and irradiance models are veried separately, it is of great
interest to verify the results of the integrated model.
5.5 Verication of bifacial PV simulation
software
Now that the irradiance and electrical models are veried, it is possible to
integrate the two models to perform simulations that are more independent
from real-world data. The successful integration of the irradiance and electrical
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models will lead to the possibility of performing a range of simulations that
may shed some light on the intricacies of bifacial technology.
5.5.1 Experiment methodology
The goal of this experiment is to verify the integration of the irradiance and
electrical models. This is done by rst modelling the front and rear irradiance
with the measured GHI as reference input. The modelled irradiance is then fed
to the electrical model for each time step. The power output is then modelled
for both the parallel and eective irradiance models. The total modelled power
output of a single bifacial module may then be compared with measured data
in order to verify the integrated bifacial model. This process can be followed
for both clear sky and intermittent days.
5.5.2 Experiment input
The experiment will require two forms of input namely modelling dependent
and comparison dependent input. The modelling dependent input relates to
the parameters that describes the physical environment for irradiance mod-
elling and electrical characteristics for electrical modelling. The modelling
dependent input data is the same as for the irradiance and electrical model
verication experiments and are given in Tables 5.1 and 5.3.
The input data used for comparison and analysis relates to the data as
measured on the bifacial PV test site. The measured input required for this
experiment is the power output of the designated bifacial model. The exact
same process is followed as for the electrical model verication, except the
modelled irradiance is now given as input to the electrical model. No measured
front and rear irradiance data is required for comparison as it will yield the
same results as for the irradiance model verication.
5.5.3 Verication results
The integrated irradiance and electrical models are separately veried by mod-
elling an intermittent and clear sky day. The modelled and measured results
for the intermittent and clear sky days are given in Figures 5.17-5.18 and 5.19-
5.20 respectively. The calculated errors that will be used for comparison is
given in Table 5.5.
The comparison between the integrated parallel model and the measured
energy output for clear sky and intermittent days lead to an average RMSE of
0.545 kWh which is quite substantial when compared to the eective model
average RMSE of 0.155 kWh for the two days. Both integrated models shows
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Table 5.5: Statistical errors for the integrated irradiance and electrical model
verication.
Variable RMSE MBE Unit
Clear sky day (Daily measured energy: 9.93 kWh)
Power (eective) 12.9 -0.88 W
Power (parallel) 17.47 -7.35 W
Energy (eective) 0.201 -0.141 kWh
Energy (parallel) 0.741 -0.572 kWh
Intermittent day (Daily measured energy: 1.5 kWh)
Power (eective) 3.57 -1.16 W
Power (parallel) 7.0 -3.68 W
Energy (eective) 0.11 -0.083 kWh
Energy (parallel) 0.349 -0.258 kWh
Figure 5.17: Comparison of the integrated irradiance and electrical model and
measured power output for an intermittent day.
an underestimation with average MBE values of -0.415 kWh and -0.112 kWh
for the parallel and eective integrated models respectively.
The integration of the irradiance model with the eective irradiance electri-
cal model leads to more accurate results when compared to the RMSE and
MBE of the parallel electrical model. This makes the eective irradiance
Rsh − Rs one-diode model the model of choice when moving towards further
simulation of bifacial PV.
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Figure 5.18: Comparison of the integrated irradiance and electrical model and
measured energy output for an intermittent day.
Figure 5.19: Comparison of the integrated irradiance and electrical model and
measured power output for a clear sky day.
5.6 Bifacial PV simulations
With the veried integrated irradiance and electrical models, it is possible to
simulate and compare results of bifacial PV for a variety of design parameters.
The following areas will be investigated with regards to variation in PV design
and capabilities:
 Tracking versus xed tilt
 Eects of module height
 Eects of albedo
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Figure 5.20: Comparison of the integrated irradiance and electrical model and
measured energy output for a clear sky day.
 Eects of row spacing (pitch)
The results of the simulations will be analysed in order to quantify the
eects of the various parameters. The simulation results will be given in two
forms namely the bifacial energy and bifacial gain for the varying parameter
values. Bifacial gain is a percentage that relates to the energy gain of a bifacial
module relative to a monofacial module with a front irradiance only contribu-
tion. The bifacial gain therefore quanties the eects of rear side irradiance
contributions. Bifacial gain (BG)can be calculated by the following Equa-






By simulating a designated bifacial PV module for the variations as named
above, it will be possible to draw some conclusions with regards to the optimal
design of a bifacial PV plant.
5.6.1 Specications of bifacial system under
investigation
The bifacial system under investigation consists of 3 rows with 12 modules in a
2-in-portrait conguration. The bifacial system is illustrated in Figure 5.21 and
identies the designated bifacial module. It must be noted that the designated
module under investigation remains constant throughout the simulations in
order to compare results diligently. The parameters of the system are given in
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Table 5.6. All the simulations will be performed for the same clear sky days
as noted in Table 5.6.
Figure 5.21: Illustration of the bifacial system layout for simulation purposes.
Table 5.6: Input parameters for simulating various eects on bifacial power
output.
Fixed parameters
Location 33.85 °S 18.86 °E
Module LR6-72BP-350
Rows 3
Row spacing 5 m
Measured module Middle row
Module height 1.5 m
Albedo 0.2
Simulation dates 05/07/2019 and 03/01/2019
Simulation period 1 day
Sky conditions Clear sky
5.6.2 Tracking versus xed tilt
In order to compare xed tilt systems with single axis tracking systems, it
is necessary to determine the optimal tilt angle for bifacial modules. Thus,
simulations were done for clear sky winter and summer days in order to obtain
the optimal tilt angle.
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5.6.2.1 Determining optimal tilt angle for bifacial PV
The modelled bifacial energy for various tilt angles on clear sky winter and
summer days are given in Figure 5.22. It can be seen that the energy declines
with an increase in tilt angle in summer where the inverse is true for winter.
The dashed line plot shows the average energy between winter and summer
for each tilt angle, from where it is visible that the a tilt angle of 33° yields
the largest energy output for winter and summer.
Figure 5.22: Simulated bifacial energy output for variation in tilt angles for
clear sky winter and summer days.
The bifacial gain for varying tilt angles can be observed in Figure 5.23. For
summer, the bifacial gain increases with a increase in tilt angle where the
bifacial gain declines with an increase in tilt angle for winter. The plot for
average bifacial gain between winter and summer shows that 60° yields the
greatest bifacial gain. However, when determining the optimal tilt angle, it
is of more interest to choose the tilt angle that results in the greatest energy
yield. Therefore a tilt angle of 33° is chosen to move forward with xed tilt
simulations.
5.6.2.2 Comparison between backtracking and xed tilt systems
for bifacial PV
The rst simulation compares the impact of tracking versus xed tilt systems
on bifacial power output. The simulations are done by implementing a east-
west backtracking algorithm for a clear sky day in winter and summer while all
other parameters remain constant. The same process is followed for a north
facing xed tilt system at an optimal angle close to the latitude of the site
location i.e. 33°.
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Figure 5.23: Simulated bifacial gain for variation in tilt angles for clear sky
winter and summer days.
The simulated bifacial energy output for winter and summer clear sky days
are given in Figure 5.24. For winter, it is evident that the xed tilt system
yields an increased energy production when compared to a backtracking sys-
tem. This is due to the lower zenith angle of the sun during winter. The same
can not be said for the summer where a backtracking system shows an en-
ergy increase of 40.3% relative to a xed tilt system. With respective average
energy output values of 17.9 kWh and 15.4 kWh for backtracking and xed
tilt systems, it is clear that the bifacial backtracking system outperforms the
bifacial xed tilt system.
Figure 5.24: Simulated bifacial energy output for xed and backtracking sys-
tems in winter and summer.
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By analysing bifacial gain for backtracking and xed tilt systems, as Table
5.7 shows, some interesting results are obtained. The summer xed tilt system
produces the highest bifacial gain of 11.35%. The average gain of the xed tilt
system for the summer and winter days is 8.3% where the backtracking system
yields an average gain of 6.6%. A higher energy production is however more
favourable, therefore the backtracking system will be the optimal solution.
Table 5.7: Simulated bifacial gain for xed and backtracking systems in winter
and summer.
Bifacial Gain
System Winter Summer Average
Fixed Tilt 5.21% 11.35% 8.3%
Backtracking 7.52% 5.76% 6.6%
5.6.3 Eects of module height
It is predicted that the height of bifacial modules above the ground will greatly
aect the irradiance exposure of the rear side, due to an increased reective
ground surface area [3]. The simulations done for this experiment aims to show
the eects of variation in module height with regards to bifacial energy output.
The simulations are done for clear sky winter and summer days by varying the
module height from 1-3 meters and following a backtracking algorithm while
keeping all other parameters constant.
The simulated daily energy for clear sky winter and summer days with vari-
ation in module height are given in Table 5.8. It is clear that an increase in
power output correlates with an increase in module height. This is due to
more rear irradiance exposure from ground reectivity as the increased mod-
ule height creates a greater reective surface area. A 4.6% and 3.6% increase
in energy output is observed for winter and summer days respectively, which
yields an average of 4.1% energy increase between seasons for module heights
between 1 and 3 meters.
Table 5.8: Simulated bifacial energy output for varying module height.
Energy (kWh)
Module height Winter Summer Average
1.0 m 9.81 26.37 18.09
1.5 m 10.01 26.78 18.40
2.0 m 10.15 27.06 18.61
2.5 m 10.22 27.23 18.73
3.0 m 10.26 27.34 18.80
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The eects of varying module height on bifacial gain is shown in Figure 5.25.
Bifacial gains of 9.9% and 7.6% are observed for the respective winter and
summer day simulations. The average bifacial gain for the two days increases
from 4.7% to 8.8% with an increase of module height from 1-3 meters. This
is a substantial increase in energy production when compared to monofacial
PV modules. The signicant increase in bifacial gain is due to the increase
in rear side irradiance while the front side irradiance remains unaected with
module height increase. It is also evident that the average bifacial gain reaches
a threshold of 8.8% from where insignicant increases will be observed beyond
a module height of 3 meters.
Figure 5.25: Simulated bifacial gain for varying module height.
5.6.4 Eects of albedo
It is evident that the reective ground surface area signicantly increases the
power output and gain of bifacial systems [3]. It is therefore necessary to
investigate the eects of ground surface albedo on bifacial power output and
gain. Albedo relates to the reective capabilities of the ground with respect
to the incident irradiance. The simulations are done for clear sky winter and
summer days by varying the albedo of the ground surface from 0.2-0.6 and
following a backtracking algorithm while all other parameters remain constant.
The simulated energy output for varying albedo is given in Table 5.9. It can
be seen that the bifacial energy output increases signicantly with an increase
in ground surface albedo. A 13.9% increase in energy output is obtained for
winter where a 10.2% increase is observed for summer with variation in albedo
values from 0.2-0.6. The average increase of 12.05% in energy output is a result
of increased rear irradiance due to higher reectivity of the ground surface.
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Table 5.9: Simulated bifacial energy output for varying ground surface albedo.
Energy (kWh)
Albedo Winter Summer Average
0.2 10.02 26.68 18.40
0.3 10.37 27.52 18.94
0.4 10.72 28.24 19.48
0.5 11.06 28.96 20.01
0.6 11.42 29.68 20.55
Figure 5.26 shows the impact of varying albedo on bifacial gain. An average
bifacial gain of 17.8% is achievable for an albedo value of 0.6. That is a 11.2%
increase in bifacial gain for enhancing the ground surface albedo from 0.2 to
0.6. The winter day yields bifacial gains of 7.5-20.4% which is signicantly
higher than the 5.8-15.3% gains for summer. Figure 5.26 shows that bifacial
gain increases linearly with increased albedo. The combination of increased
module height and albedo should yield promising results.
Figure 5.26: Simulated bifacial gain for varying ground surface albedo.
5.6.5 Eects of row spacing
Row spacing (pitch) relates to the distance between adjacent rows. In order to
expose the rear sides of bifacial modules to increased irradiance, it is necessary
to increase the reective surface of the ground surface behind or beneath the
modules [6]. The eects of module height and albedo clearly shows positive
results for maximising the reective ground surface area for bifacial systems.
For this test the row spacing is varied from 5-9 meters while following a back-
tracking algorithm and all other parameters are kept constant.
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The simulated energy output for variation in row spacing is shown in Table
5.10. From the results it is clear that an increase in row spacing leads to an
increase in bifacial energy production. An average increase of 3.8% in energy
output between winter and summer, leads to row spacing having the smallest
eect on bifacial energy production when compared to module height and
albedo. There is also little variation on energy output increase for winter and
summer with respective increases of 3.5% and 3.9%.
Table 5.10: Simulated bifacial energy output for varying row spacing (pitch).
Energy (kWh)
Row spacing Winter Summer Average
5 m 10.77 26.78 18.77
6 m 11.08 27.24 19.16
7 m 11.13 27.50 19.31
8 m 11.16 27.76 19.46
10 m 11.18 27.82 19.50
The eects of row spacing on bifacial gain is shown in Figure 5.27. It can
be seen that the bifacial gain initially decreases with variation in row spacing
from 5-6 meters. By looking at the energy output graph in Figure 5.8, it
is clear that no energy loss occurs between 5 and 6 meters. The decrease in
bifacial gain can therefore be attributed to the fact that the front side, together
with the rear side, is receiving more irradiance from the additional reective
surface area that is created by the increased row spacing. Thus, the front side
irradiance initially increases with rear side irradiance and therefore minimises
the eect on bifacial gain.
As with module height, the average bifacial gain reaches a threshold of
around 6.8% at a row spacing of 9 meters. The average bifacial gain experiences
an increase of only 0.3% with a row spacing variation between 5-9 meters.
Although row spacing increases bifacial power output and gain, it is important
to note that most PV implementations are restricted with regards to surface
area. An increase in row spacing may lead to the installation of less PV
modules per unit area, which will have a large negative impact on overall PV
plant performance.
5.7 Simulation of an optimised bifacial system
After analysing the results of simulations that show the eects of various de-
sign parameters, it is possible to simulate an optimized bifacial system. This
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Figure 5.27: Simulated bifacial gain for varying row spacing (pitch).
simulation will show the energy production and bifacial gains that are achiev-
able by optimising the environment and design parameters of a bifacial PV
plant. The optimised bifacial system simulation will be done on module level
for one clear sky day per month over the course of a full year in order to gain
clear perspective of a optimised bifacial PV plant's performance and capa-
bilities. The simulation results will also be compared with a simulation of a
non-optimised bifacial system which inherits conventional design parameters
i.e. no albedo enhancement and a module height of less than 2 meters. The
input parameters for the optimised and non-optimised simulations are given
in Table 5.11.
Table 5.11: Input parameters for simulating an optimised and non-optimised
bifacial PV plant.
Parameter Optimised Non-Optimised
Row spacing 9 m 5 m
Module height 3 m 1.5 m
Albedo 0.6 0.2
Fixed parameters




Measured module Middle row
Simulation dates 01-2018 to 12-2018
Simulation period 1 clear sky day per month
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The chosen parameters were obtained after analysing their eects by means
of simulation and as given in section 5.6. The parameters were limited to
dimensions that are realistic and able to be implemented in a real world sit-
uation. It was decided to implement a 3 row tracking system which follows a
backtracking algorithm as it showed promising performance when compared
to xed tilt systems. The row spacing is 9 meters with a module height of
3 meters. The albedo is set to a value of 0.6 which is the maximum possible
albedo without taking snow as a ground surface type.
The simulated daily energy output over the course of a year for the optimised
and non-optimised bifacial module is given in Figure 5.28. It is evident that
the optimised module outperforms the non-optimised module in terms of daily
energy output. The optimised module produces 0.867 kWh more average
daily energy for a full year on clear sky days. This shows that by increasing
albedo, module height and row spacing, it is possible to increase average energy
production by 29.82%.
Figure 5.28: Simulated bifacial energy output for optimised and non-optimised
bifacial systems on one clear sky day per month.
The simulated bifacial gain for the optimised and non-optimised module is
given in Figure 5.29. It can be seen that the optimised module yields an average
bifacial gain of 24.15% which is 17.4% higher than the non-optimised module.
This shows that optimisation of bifacial PV design parameters plays a critical
role in the performance when compared to monofacial PV. It is also evident
that the bifacial gain increases for winter months. This additional bifacial gain
over winter months may play a role in satisfying the higher energy demands
for those months.
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Figure 5.29: Simulated bifacial gain for optimised and non-optimised bifacial
systems on one clear sky day per month.
5.8 Comparison with commercial software
As the irradiance and electrical models are veried, it is of high interest to
compare the ray tracing method and eective one-diode model with the com-
mercially implemented view factor method and one-diode model. The chosen
commercial software for comparison is PVsyst version 6.84 which has bifacial
modelling capabilities. It was decided to compare the simulated irradiance
and electrical output for both software models with measured data in order to
gain perspective of their modelling accuracy.
The simulations were done by modelling an identical bifacial system for
both software versions. The simulated bifacial system mimics the bifacial
installation at the Mariendahl PV test site as described in section 5.2. The
rows are spaced by 5 meters and follows a single-axis backtracking algorithm
in an east-west orientation. The modelled modules are the LongiSolar LR6-
72BP-355 and are mounted at a height of 1 meters above the ground. The
ground surface is modelled with an albedo of 0.2. Table 5.12 gives the input
parameters for both simulation tools. The PVsyst report for the simulation is
given in Appendix A.
The modelled front and rear irradiance of both simulation tools are com-
pared with measured irradiance. The measured irradiance is obtained with
commercial grade pyranometers as described in section 5.3.2 for the irradiance
model verication. The measured energy output is obtained by means of a
power logger that is connected in series with a bifacial module as described
in section 5.4.2 as for the electrical model verication. The energy output of
the single module is then multiplied by the amount of modules in the array.
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Table 5.12: Input parameters for comparing the developed simulation software
with a commercial tool.
Simulation parameters




Row spacing 5 m
Module height 1 m
Albedo 0.2
Simulation dates 09-07-2019
Simulation period 1 day
It must be noted that no mismatch or other losses were applied for this com-
parison. Table 5.13 provides the statistical errors for both modelled irradiance
results with the measured data.
Table 5.13: Statistical errors for the comparison between ray tracing, PVsyst,
measured irradiance and measured energy output.
Variable RMSE MBE Unit
PVSyst version 6.84
Front irradiance 46.98 -10.81 W/m2
Rear irradiance 7.67 -2.94 W/m2
Energy 1.62 -1.08 kWh
Ray Tracing
Front irradiance 64.29 -25.06 W/m2
Rear irradiance 3.23 1.37 W/m2
Energy 1.32 -1.03 kWh
The modelled front side irradiance comparison is given in Figure 5.30. It is
observed that PVsyst models the front side irradiance with better accuracy.
This can be seen when comparing the RMSE of both models with value of 46.98
W/m2 and 64.29 W/m2 for PVsyst and the ray tracing model respectively.
The MBE shows that both models underestimate the front side irradiance
with respective values of -10.81 W/m2 and -25.06 W/m2 for PVsyst and the
ray tracing model.
The two modelled rear side irradiances is shown in Figure 5.31, from where
it is visible that the ray tracing technique models the rear side irradiance with
better accuracy. This can also be observed when analysing the RMSE and
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Figure 5.30: Simulated and measured front side irradiance comparison between
PVsyst and ray tracing model.
MBE values. The ray tracing model yielded RMSE and MBE values of 3.23
W/m2 and 1.37 W/m2 where PVsyst lead to a RMSE and MBE of 7.67 W/m2
and -2.94 W/m2. This shows that the ray tracing model slightly overestimates
with better accuracy when compared to the underestimation of PVsyst.
Figure 5.31: Simulated and measured rear side irradiance comparison between
PVsyst and the ray tracing model.
The two modelled and measured power output is shown and compared in
Figure 5.32. It can be seen that PVsyst underestimates the energy output
with a MBE of -1.08 kWh. The ray tracing model in combination with the
eective one-diode model underestimates the energy output with a MBE of
-1.03 kWh. The ray tracing and eective one-diode model is slightly more
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accurate when compared to PVsyst with a RMSE values of 1.32 kWh and
1.62 kWh respectively.
Figure 5.32: Simulated and measured power output comparison between
PVsyst and ray tracing model.
The comparison with PVSyst shows that the view factor modelling of the
front side irradiance is more accurate when compared to ray tracing. It is
clear that ray tracing can better simulate the rear side irradiance. Therefore,
it might be favourable to implement a combination of view factor and ray
tracing techniques to model the front and rear side irradiance respectively. The
combination of ray tracing and eective one-diode model proves to be slightly
more accurate than PVsyst 's combination of the view factor and one-diode
model. It was not possible to evaluate the electrical models independently as
PVsyst can't take measured irradiance as an input to it's electrical model.
5.9 Summary
Upon implementing the ray tracing algorithm as well as the eective and par-
allel Rsh − Rs one-diode models, it was necessary to verify the accuracy of
the modelled irradiance and electrical output. It was also necessary to verify
the integrated irradiance and electrical models which forms the bifacial simu-
lation software that was ultimately utilised to simulate the eects of various
bifacial design parameters such as module height, ground surface albedo, row
spacing and tracking versus xed tilt systems. The simulation results lead to
the opportunity to simulate and compare an optimised bifacial set-up with a
non-optimised set-up by analysing the energy performance and bifacial gain of
the two respective systems. Finally a comparison was made between the ray
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tracing irradiance model and the view factor irradiance model as implemented
in the commercial software, PVsyst version 6.86.
5.9.1 Irradiance model verication
The irradiance model and more specically the ray tracing algorithm was ver-
ied by comparing the modelled irradiance with measured irradiance of the
front and rear sides on clear sky and intermittent days. The measured front
and rear side irradiance was obtained with commercial standard pyranometers
that were tted in the same plane as the bifacial modules. The on-site weather
station provided GHI data that was used as input to the irradiance model.
The modelled front side irradiance for a clear sky and intermittent day
yielded an average RMSE and MBE of 24.01 W/m2 and -9.825 W/m2 which
shows an underestimation when compared with measured front irradiance.
The modelled rear side irradiance deviated from the measured rear side irra-
diance with an average RMSE of 2.68 W/m2 and slightly overestimated with
an average MBE of 0.64 W/m2 for a clear sky and intermittent day.
5.9.2 Electrical model verication
The electrical model was realised with two various methods namely, the par-
allel Rsh −Rs one-diode model and the eective Rsh −Rs one-diode model as
described in chapter 4, section 4.3.1. Both models were veried by comparing
the modelled power and energy output with measured output of an actual
bifacial module. The measured power output was obtained with a power log-
ger which was connected in series with the designated bifacial module. The
corresponding front and rear irradiance measurements for a clear sky and in-
termittent day were given as input to the two electrical models from where
they were compared in order to determine which model was more accurate.
The parallel Rsh−Rs one-diode model was the least accurate of the two with
average RMSE and MBE values of 0.317 kWh and -0.241 kWh for the clear
sky and intermittent days. The eective Rsh − Rs one-diode model proved to
be more accurate with an average RMSE of 0.265 kWh and an average MBE
of 0.07 kWh, which relates to a slight overestimation on the energy output for
clear sky and intermittent days. The two Rsh−Rs one-diode models were now
integrated with the irradiance model to verify the accuracy of the bifacial PV
simulation software.
5.9.3 Bifacial PV simulation software verication
After separately verifying the irradiance and electrical models, it was neces-
sary to verify the integration of the two models which forms the bifacial PV
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 5. PRACTICAL VERIFICATION AND RESULTS 89
simulation software. The integrated software was veried by comparing the
modelled energy output with measured output of a clear sky and intermittent
day. The input given to the software was the corresponding GHI as measured
by the on-site weather station. The modelled irradiance was therefore given
as input to the two electrical models in order to obtain the modelled energy
output.
The results showed that the eective Rsh − Rs one-diode model was more
accurate with average RMSE and MBE values of 0.155 kWh and -0.112 kWh
when compared with the average RMSE of 0.545 kWh and an average MBE
of -0.415 kWh. The eective Rsh − Rs one-diode model, which slightly un-
derestimates the energy output when compared to measured energy output,
was therefore chosen as the electrical model that will be integrated with the
irradiance model for further simulations.
5.9.4 Bifacial PV simulations
The fact that the bifacial PV simulation software was successfully veried
meant that simulations could be done in order to determine the eects of
certain design parameters on the energy yield and bifacial gain of bifacial PV
modules. These design parameters included: tracking versus xed tilt systems,
module height, ground surface albedo and row spacing.
5.9.4.1 Tracking versus xed tilt systems
In order to determine which of tracking or xed tilt systems are the most
eective in maximising the energy output and bifacial gain of bifacial modules,
it was necessary to rst determine the optimal xed tilt angle for bifacial
modules. The simulation results between winter and summer showed that
the average bifacial gain increases non-linearly with a increase in tilt angle.
A tilt angle of 60° resulted in the maximum average bifacial gain of around
12.2%. However, when analysing the energy output for various tilt angles, it
was clear that a tilt angle of 33° was the most eective angle for maximum
energy output.
It was now possible to compare a 33° xed tilt bifacial system with a single-
axis tracking bifacial system which follows a backtracking algorithm for a win-
ter and summer clear sky day. The results showed that a xed tilt system
leads to the highest average bifacial gain of 8.3%. However, when analysing
the energy output for the two scenarios, the single-axis backtracking system
produced the highest energy output with an average of 17.9 kWh when com-
pared with the xed tilt's average energy output of 15.4 kWh. It was therefore
determined that the single-axis backtracking system outperforms the xed tilt
system with regards to bifacial energy output, and is thus the optimal solution.
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5.9.4.2 Eects of module height
The goal of this simulation was to show that an increased reective surface
area would lead to increased rear irradiance exposure and result in higher
bifacial energy output and bifacial gain [3]. Simulations were done by plotting
the energy output and bifacial gain with an increase of module height from
1-3 meters for clear sky winter and summer days. The results showed that an
average energy output increase of 4.1% is achievable by increasing the module
height from 1-3 meters. An average bifacial gain of 8.8% is observed between
winter and summer at a module height of 3 meters, where the bifacial gain also
reaches a threshold and will have less signicant eects with a further increase
in module height.
5.9.4.3 Eects of albedo
Albedo relates to the reective capabilities of the ground surface that surrounds
the bifacial PV plant. By increasing the ground surface albedo, it is expected
that the energy production and bifacial gain will also increase. The simula-
tions were done by increasing the albedo from 0.2-0.6. The results showed that
signicant linear increases in energy and bifacial gain are achievable by opti-
mising the albedo. The average increase of 12.05% in energy output between
winter and summer shows that the increased reectivity of the ground has a
great eect on the rear side irradiance and hence, the bifacial energy output.
The increased albedo from 0.2-0.6 signicantly increased the average bifacial
gain from 6.6-17.8%. This shows that an optimisation of the reective ground
surface area greatly aects the performance of a bifacial PV system.
5.9.4.4 Eects of row spacing
Another way of increasing the reective surface area is to increase the spacing
between adjacent rows in a PV plant. For this experiment, the row spacing
(pitch) was increased from 5-9 meters. The average energy output increased
by 3.8% with an increase of row spacing from 5-9 meters. The bifacial gain
for summer initially decreased with an increase in row spacing. This is due to
the fact that the front side irradiance also increases together with the rear side
irradiance, which increases the monofacial energy output, hence a decreased
bifacial gain. The average bifacial gain increased by only 0.3% with the increase
in row spacing which shows that row spacing has the least eect on energy
output and bifacial gain when compared with module height and albedo.
5.9.5 Simulation of an optimised bifacial system
After analysing the eects of various bifacial PV plant design parameters,
it was possible to simulate and compare an optimised system with a non-
optimised system. For the optimised system, the module height and row spac-
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ing were set to 3 meters and 9 meters respectively while the albedo was en-
hanced to 0.6. The non-optimised system implemented a module height of 1.5
meters, row spacing of 5 meters and albedo of 0.2. The results showed that the
average energy production can be increased by 29.82% with the necessary op-
timisation. The bifacial gain signicantly increased by 17.4% when compared
to the non-optimised system. It must be kept in mind that the optimisation
of these specic parameters may lead to design intricacies such as: increased
losses due to increased cable lengths, increased wind loading and maintenance
complexities for higher mounting structures and the extra costs of maintaining
a high ground surface albedo.
5.9.6 Comparison with commercial software
A comparison was done between the modelled irradiance and energy output of
the ray tracing method with the eective one-diode model and PVsyst. Mea-
sured front and rear irradiance was compared with both modelled results and
showed that the ray tracing method models the rear side irradiance more accu-
rately with RMSE and MBE values of 3.23 W/m2 and 1.37 W/m2, compared
to the RMSE and MBE values of 7.67W/m2 and -2.94W/m2 for PVsyst. How-
ever it was shown that PVsyst models the front side irradiance with greater
accuracy with corresponding RMSE values of 46.98W/m2, where the ray trac-
ing method yielded a RMSE of 64.29 W/m2. The energy output of PVsyst
was slightly less accurate when comparing it's RMSE of 1.62 kWh with the




Unlike monofacial PV modules, bifacial PV modules can produce a higher
power output by exposing PV cells to the irradiance incident on the rear
side as well as the front side of modules. Bifacial PV's potential higher power
output per unit area can signicantly decrease the LCOE of PV modules which
will play an important role in the growth of solar PV as renewable energy
source. In order for bifacial PV to become the leading solar energy source,
some uncertainties need to be claried. This can be accomplished by accurate
modelling and simulation software of which there is a shortage. The goal
of this thesis was to address the problem of inaccurate modelling of bifacial
PV modules by investigating and developing the techniques used to model
irradiance and electrical behaviour of bifacial modules.
6.1 Irradiance model
Irradiance modelling of bifacial PV and more specically the rear side irra-
diance of bifacial PV modules consists of many complexities. The irradiance
model therefore formed the core of the research as proposed. It is known
that view factor modelling falls short in accurately modelling the rear side
irradiance. Ray tracing was therefore chosen as the modelling in order to in-
crease the accuracy of rear side irradiance modelling. The irradiance model
was developed by utilising the ray tracing capabilities of the open-source soft-
ware tool named Radiance. In order to model front and rear side irradiance
it was necessary to describe a virtual environment that closely represented a
real world PV plant environment. The virtual environment consisted of three
parts namely the sky model, ground model and the geometric description of
bifacial PV modules.
The irradiance model was veried by comparing the modelled irradiance
output with front and rear side irradiance as measured by commercial grade
pyranometers on a bifacial PV test site. The irradiance model verication
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respectively yielded an average RMSE and MBE of 24.01 W/m2 and -9.825
W/m2 for the front side irradiance which relates to an underestimation when
compared with measured data. The focus of the ray tracing model was to ac-
curately the model the complex rear side irradiance, which resulted in average
RMSE and MBE values of 2.68 W/m2 and 0.64 W/m2 respectively. These
errors show that the ray tracing model slightly overestimates the rear side ir-
radiance. These results are accurate enough to conclude that the ray tracing
algorithm was implemented successfully to model the irradiance distribution
of bifacial PV modules. The ray tracing technique also proved to be eective
to be integrated with a electrical model in order to further simulate bifacial
PV modules.
6.2 Electrical model
The electrical model is responsible for providing some insight regarding bifa-
cial PV performance in conjunction with the implemented irradiance model.
The possibility of simulating bifacial modules accurately relies heavily on the
validity of the electrical model as there are very little simulation tools available
that can model bifacial PV in a electrical context.For this project, two Rsh−Rs
one-diode models were implemented. The eective irradiance Rsh − Rs one-
diode takes the bifaciality factor into account by adding the rear side irradiance
to the total eective irradiance, as a fraction of the rear sides's performance
relative to the front side. The total eective irradiance then determines the
excited current which in eect determines the power output of a module. The
parallel Rsh − Rs one-diode model consists of two parallel circuits, each rep-
resenting the front and the rear side respectively. Each of the two circuit's
excited current output contributes to the total power output of a module.
The two electrical models were veried by comparing their modelled power
outputs with power output as measured on the PV test site. A power logger
was used to measure the bifacial power output of a single bifacial PV module.
The on-site measured irradiance for a clear sky and intermittent day was given
as input to the electrical models in order to make a valid comparison between
modelled results and measurements. The test concluded that the eective
irradiance Rsh − Rs one-diode model is the most accurate in modelling the
electrical behaviour of bifacial PV modules with an average energy output
RMSE of 0.265 kWh and a MBE of 0.07 kWh which relates to a slight overall
overestimation. The parallel Rsh − Rs one-diode model underestimated the
bifacial energy performance with an average MBE of -0.241 kWh for the clear
sky and intermittent day.
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6.3 Simulation software for bifacial PV
The simulation software for bifacial PV was realised by integrating the irradi-
ance and electrical models with the python developing language. Additional
miscellaneous features such as a backtracking algorithm, data le handling and
a graphical user interface were added in order to expand the capabilities of the
simulation software.
The integrated irradiance and electrical models were veried by comparing
the modelled power output with measured power output as for the electrical
model verication. The integration of the irradiance model with the eective
irradiance Rsh −Rs one-diode model delivered the most accurate results with
an average RMSE of 0.155 kWh for the two days. The average MBE showed
that the eective Rsh − Rs one-diode model slightly underestimates with a
value of -0.112 kWh. The integration of the irradiance model with the parallel
Rsh−Rs one-diode model resulted in average RMSE and MBE values of 0.545
kWh and -0.415 kWh respectively. After verifying the accuracy of the bifacial
PV simulation software, it was possible to simulate the eects of various de-
sign parameters. These design parameters included xed tilt versus tracking,
module height above the ground, ground surface albedo and row spacing.
6.3.1 Optimal tilt angle
Before the xed tilt system could be compared with a tracking system, it
was necessary to obtain the optimal tilt angle for bifacial PV modules. By
analysing the energy output, a tilt angle of 33° was observed to be the optimal
tilt angle for the specic location. Although the bifacial gain increased with
an increase in tilt angle, the same was not true for energy output.
6.3.2 Tracking versus xed tilt
It was now possible to compare a 33° xed tilt bifacial system with a single-axis
tracking bifacial system which follows a backtracking algorithm. The results
showed that a xed tilt system leads to the highest average bifacial gain of
8.3%. However, when analysing the energy output for the two scenarios, the
single-axis backtracking system produced the highest energy output with an
average of 17.9 kWh when compared with the xed tilt's average energy output
of 15.4 kWh. It was therefore determined that the single-axis backtracking
system outperforms the xed tilt system with regards to bifacial energy output,
and is thus the optimal solution.
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6.3.3 Module height
The goal of this simulation was to show that an increased reective surface area
would lead to increased rear irradiance exposure and result in higher bifacial
energy output and bifacial gain. Simulations were done by plotting the energy
output and bifacial gain with an increase of module height from 1-3 meters for
clear sky winter and summer days. The results showed that an average energy
output increase of 4.1% is achievable by increasing the module height from
1-3 meters. An average bifacial gain of 8.8% is observed between winter and
summer at a module height of 3 meters, where the bifacial gain also reaches a
threshold and will have less signicant eects with a further increase in module
height.
6.3.3.1 Albedo
By increasing the ground surface albedo, it was expected that the energy
production and bifacial gain will also increase. The simulations were done by
increasing the albedo from 0.2-0.6. The results showed that signicant linear
increases in energy and bifacial gain are achievable by optimising the albedo.
The increased albedo from 0.2-0.6 signicantly increased the average bifacial
gain from 6.6-17.8%. The average increase of 12.05% in energy output between
winter and summer shows that the increased reectivity of the ground has a
great eect on the rear side irradiance and hence, the increased bifacial energy
output. This shows that an optimisation of the reective ground surface area
can greatly enhance the performance of a bifacial PV system.
6.3.3.2 Row spacing
Another way of increasing the reective surface area is to increase the spacing
between adjacent rows in a PV plant. For this experiment, the row spacing
(pitch) was increased from 5-9 meters. The average energy output increased
by 3.8% with an increase of row spacing from 5-9 meters. The bifacial gain
for summer initially decreased with an increase in row spacing. This is due to
the fact that the front side irradiance also increases together with the rear side
irradiance, which increases the monofacial energy output, hence a decreased
bifacial gain. The average bifacial gain increased by only 0.3% with the increase
in row spacing which shows that row spacing has the least eect on energy
output and bifacial gain when compared with module height and albedo.
6.3.3.3 Optimal bifacial system simulation
After analysing the eects of various bifacial PV plant design parameters,
it was possible to simulate and compare an optimised system with a non-
optimised system. For the optimised system, the module height and row spac-
ing were set to 3 meters and 9 meters respectively while the albedo was en-
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hanced to 0.6. The non-optimised system implemented a module height of 1.5
meters, row spacing of 5 meters and albedo of 0.2. The results showed that the
average energy production can be increased by 29.82% with the necessary op-
timisation. The bifacial gain signicantly increased by 17.4% when compared
to the non-optimised system.
6.3.3.4 Comparison with commercial software
A comparison was done between the modelled irradiance and energy output of
the ray tracing method with the eective one-diode model and PVsyst. Mea-
sured front and rear irradiance was compared with both modelled results and
showed that the ray tracing method models the rear side irradiance more accu-
rately with RMSE and MBE values of 3.23 W/m2 and 1.37 W/m2, compared
to the RMSE and MBE values of 7.67W/m2 and -2.94W/m2 for PVsyst. How-
ever it was shown that PVsyst models the front side irradiance with greater
accuracy with corresponding RMSE values of 46.98W/m2, where the ray trac-
ing method yielded a RMSE of 64.29 W/m2. The energy output of PVsyst
was less accurate when comparing it's RMSE of 1.62 kWh with the ray tracing
and eective one-diode model RMSE of 1.32 kWh.
6.4 Bifacial PV design recommendations
After simulating various design parameters and analysing their eects on bi-
facial energy output and bifacial gain, it is possible to make some recommen-
dations with regards to bifacial PV design. From the simulation results it is
clear that the primary driver in maximising bifacial energy performance is the
enhancement of the reective surface surrounding the bifacial PV installation.
This can be done by increasing the module height, ground surface albedo and
row spacing. It would be very benecial to study the overall nancial benets
of such optimisation with regards to costs for additional structures, main-
taining a certain albedo and losing eective surface area with an increase in
row spacing. Some design consideration must kept in mind with regards to
increased losses for increased cable lengths, increased wind loading and main-
tenance complexities for higher mounting structures etc.
Overall, it is of great importance to prevent obstructing the rear side of
bifacial PV modules with wiring and other plant equipment such as mounting
structure, combiner boxes and inverters. It must be kept in mind that the front
side of a bifacial module remains the primary power source and care must
be taken when optimising for the rear side irradiance. Rear side irradiance
optimisation must be done without the expense of the front side irradiance.
With regards to simulation of bifacial PV, it is evident that commercial tools
such as PVsyst lacks in some areas of rear side irradiance modelling. It might
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be of great interest to somehow combine the eectiveness of ray tracing's rear
side irradiance modelling capabilities with the eectiveness of PVsyst 's front
irradiance and electrical modelling.
6.5 Recommendations
As bifacial PV is a relatively new renewable energy source, there are many
opportunities for further research and investigation into the technology. As it
was shown that ray tracing can accurately model the rear side irradiance of
bifacial modules, it lacks in accuracy with regards to the front side irradiance.
It might be of interest to investigate the possibility of combining view factor
modelling for the front side irradiance with ray tracing for the rear side irradi-
ance. Another uncertainty regarding bifacial PV, is the eects of temperature
on the performance of bifacial modules. By studying the temperature eects,
it may be possible to improve the electrical modelling accuracy of bifacial PV
modules. One question that begs to be answered: Is bifacial PV more prof-
itable than monofacial PV? An in depth cost benet analysis would be very
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